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Abstract

In this paper, we consider a dual-hop Multiple Input MukipDutput (MIMO) relay wireless
network, in which a source-destination pair both equippéh multiple antennas communicates through
a large number of half-duplex amplify-and-forward (AF)agterminals. Two novel linear beamforming
schemes based on the matched filter (MF) and regularizedfamiong (RZF) precoding techniques are
proposed for the MIMO relay system. We focus on the linearcess at the relay nodes and design
the new relay beamformers by utilizing the channel staterinition (CSI) of both backward channel
and forward channel. The proposed beamforming designsasedbon the QR decomposition (QRD)
filter at the destination node which performs successiverfietence cancellation (SIC) to achieve the
maximum spatial multiplexing gain. Simulation results aerstrate that the proposed beamformers that
fulfil both the intranode array gain and distributed arraingautperform other relaying schemes under

different system parameters in terms of the ergodic capacit
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I. INTRODUCTION

Recently relay wireless networks have drawn consideratikrast from both the academic
and industrial communities. Due to low-complexity and loast of the relay elements, the
architectures of multiple fixed relay nodes implemented @futar systems and many other
kinds of networks are considered to be a promising techniquéuture wireless networks [1].
Meanwhile, MIMO technique is well verified to provide sigedint improvement in the spectral
efficiency and link reliability because of the multiplexiagd diversity gain[2],[[3]. Combining
the relaying and MIMO techniques can make use of both adgastto increase the data rate
in the cellular edge and extend the network coverage.

The capacity of MIMO relay networks has been well investgain several papers|[4]-[6],
in which, [B] derives lower bounds on the capacity of a GarsIMO relay channel under
the condition of transmitting precoding. In order to impeothe capacity of relay networks,
various kinds of linear distributed MIMO relaying schemes/é been investigated inl[7]-[14].
In [7], the authors analyze the stream signal-to-interfeeeratio statistic and consider different
relay beamforming based on the finite-rate feedback of tham#l states. Assuming Tomlinson-
Harashima precoding at the base station and linear proceasithe relay, [8] proposes upper
and lower bounds on the achievable sum rate for the multiM$BtO system with single relay
node. In [9], a linear relaying scheme fulfilling the targdflf%s on different substreams is
proposed and the power-efficient relaying strategy is @drim closed form. The optimal relay
beamforming scheme and power control algorithms for a ac@bpe and cognitive radio system
are presented in [12]. In_[13], [14], the authors designdmelay beamforming schemes based
on matrix triangularization which have superiority ovee ttonventional zero-forcing (ZF) and
amplify-and-forward (AF) beamformers.

Inspired by these heuristic works, this paper proposes taxe@Inrelay-beamformer designs
for the dual-hop MIMO relay networks, which can achieve bofhthe distributed array gain
and intranode array gain. Intranode array gain is the gataiméd from the introduction of
multiple antennas in each node of the dual-hop networkstribiged array gain results from
the implementation of multiple relay nodes and does not reegdcooperation among them.
Assuming the same scenario given inl[14], the new relay beandrs outperform the three

schemes proposed in [14] under various network conditibne.innovation points of our relaying



schemes are reflected in the matched filter and regularizedfaecing beamforming designs
implemented at multiple relay nodes while utilizing QRD béteffective channel matrix at the
destination node. The destination can perform SIC to decwodéple data streams which have
further enhancement effect on the channel capacity.

In this paper, boldface lowercase letter and boldface waser letter represent vectors and

matrices, respectively. The notatiofd), and (A), . represent theth row and (¢, j)th entry

i.j
of the matrix A. Notations tf-) and (-) denote trace and conjugate transpose operation of a
matrix. TermIy is an N x N identity matrix. and|a|| stands for the Euclidean norm of a vector

a. Finally, we denote the expectation operationjy}.

II. SYSTEM MODEL

The considered MIMO relay network consists of a single sewand destination node both
equipped withM antennas, and{ N-antenna relay nodes distributed between the source-
destination pair as illustrated in Fig. 1. When the sourcgenionplements spatial multiplexing
(SM), the requirement thal > M must be satisfied if every relay node is supposed to support al
the M independent data streams. We consider half-duplex namezgtive relaying throughout
this paper where it takes two non-overlapping time slotstfier data to be transmitted from the
source to the destination node via the backward channel é3@)forward channel (FC). Due
to deep large-scale fading effects produced by the lon@ulist, we assume that there is no
direct link between the source and destination. In this pape perfect CSls of BC and FC
are assumed to be available at relay nodes. In a practic@mnsygach relay uses the training
sequences or pilot sent from the source node to acquire theiC8l the backward channels.
The acquisition methods of FC’s information would vary witto different duplex forms. If it
is a FDD system, the destination should estimate the CSI dbyGsing the relay-specific pilots
first, and then feedback the CSI to each relay node. As for a Eiddem, due to its intrinsic
reciprocity, relay nodes can use the CSI of the link from idesibn to relay nodes to acquire
the CSI of FC.

In the first time slot, the source node broadcasts the signalltthe relay nodes through
BC. Let M x1 vectors be the transmit signal vector satisfying the power conﬁtrﬁi{ssH} =
(P/M)1I,;, where P is defined as the total transmit power at the source node.H,ete
CN*M (k= 1,..., K) stand for the BC MIMO channel matrix from the source node ®#t



relay node. All the relay nodes are supposed to be locatedcinster. Then all the backward
channelsHy, - - - ,Hx can be supposed to be independently and identically disé&tb(.:.d.)
and experience the same Rayleigh flat fading. Then the gamneling received signal at thieh
relay can be written as

Ty = HkS + ng, (1)

where the termn,, is the spatio-temporally white zero-mean complex addi@aussian noise
vector, independent acrogs with the covariance matrix {nknkH} = o?Iy. Therefore, noise
varianceo? represents the noise power at each relay node.

In the second time slot, firstly each relay node performsalingrocess by multiplying, with
an N x N beamforming matrix',. Consequently, the signal vector sent from ke relay node
is

ty = Frry. (2)
From more practical consideration, we assume that eaci melde has its own power constraint
satisfyingE{tkHtk} < Q, Which is independent from powef. Hence a power constraint

condition oft; can be derived as

p(te) =tr {Fk (%szHf + U%IN) FkH} < Q. 3

After linear relay beamforming process, all the relay noldeward their data simultaneously to

the destination. Thus the signal vector received by therd®gin can be expressed as

K K K
y = Z Gty +ng = Z G, F . Hs + Z G,Fin; +ng, 4)

k=1 k=1 k=1
where GG, under the same assumption Hs, is the M x N forward channel between thgh

relay node and the destination, € C", satisfyingE {n,n/ } = 031,;, denotes the zero-mean
white circularly symmetric complex additive Gaussian eo@ét the destination node with the

noise poweros.

[Il. RELAY BEAMFORMING DESIGN

In this section, the network ergodic capacity with the QRedlr applied at the destination
node for SIC detection is analyzed. And then we will propose nhovel relay beamformer

schemes based on the MF and RZF beamforming techniques.



A. QR decomposition and SIC detection

Conventional receivers such as MF, zero-forcing (lineazodelator) and linear minimum
mean square error (L-MMSE) decoder have been well studigdarprevious works. Matched
filter receiver has bad performance in the high SNR regiorentit produces noise enhancement
effect. MMSE equalizer which can be seen as a good tradeofth®fMF and ZF receivers,
however, achieves the same order of diversity as ZF doesceHemuch larger intranode array
gain also cannot be obtained from the MMSE receiver. As aealyn [15], SIC detection based
on the QRD has significant advantage over those conventi@tattors and the performance of
the QR detector is asymptotically equivalent to that of theximum-likelihood detector (MLD).
So we will utilize the QRD detector as the destination reeeW throughout this paper.

From the above discussion, the final received signal atra®gin can be derived as follows.
Let the term>1 | G, F,H; = Hsp, and Y1 | G, Fyn,, + n, = z. Then equation (4) can be
rewritten as

y = Hsps + z, (5)

whereHgsp represents the effective channel between the source atidates) node, and: is
the effective noise vector cumulated from the naigeat each relay node and the noise vector

n, at the destination. Implement QR decomposition of the &ffecchannel as

Hsp = QspRsp, (6)

whereQsp is an M x M unitary matrix andRsp is an M x M right upper triangular matrix.
Therefore the QR detector at destination node is choseWas: QZ,, and the signal vector
after detection becomes

y = Rsps + Q4pz. (7)

Finally, the optimal relay beamformer design problem carfdsmulated mathematically as
Fy = arg max C(Fy), (8)
st p(te) < Qr, 9)

where C' (F},) is the network ergodic capacity having various specific ®mecided by des-
tination detectorW and relay beamforming matrik';, that will be discussed in detail in the

following subsections.



Note that the closed-form solution is difficult to obtain whigying to solve the optimization
problem (8) directly. In order to get a specific form of theasebeamformers, we further assume
that a power control factop, is set withFy in (2) to guarantee that each relay transmit power
is equal toQ,. SinceH,--- ,Hx (and Gy, --- ,Gg) arei.i.d. distributed and experience the
same Rayleigh fading, all the relay beamformers can haveifaromdesign type. Hence the

transmit signal from each relay node after linear beamfogr@and power control becomes
tr = prFyry, (10)

where the power control parametgr can be derived from equation (3) as

B. MF beamforming

According to the principles of maximum-ratio-transmiss(®RT) [16] and maximum-ratio-
combining (MRC) [17], we choose the MF as the beamformer &wherelay node. Therefore
we get the beamforming matrix as

FYF = GITHY (12)

where each relay beamformer can be divided into two partecaive beamformeH; and
a transmit beamformeG?. The receive beamformef/’ is the optimal weight matrix that
maximizes received SNR at the relay. Consequently, thavestesignal at the destination can

be rewritten from (10) and (12) as

K K
= . = )
H?QF ZHF

where py, is given by substituting (12) into equation (11). Perforgqd@RD of theHY!" as
Hgg — QJ\/[FRJ\/[F (14)
Then we get the destination receiver as
WYF = (QYI)" . (15)
Hence the signal vector after QR detection becomes

~ H
7~ R+ Q)" 2 (0



Note that the matridR2%" has the right upper triangular form as
1 T2 ... TiMm

2.2
Rsp = _ : (17)

0 MM
where the diagonal entries,, ., (m = 1,...,M) of (17) are real positive numbers. With the
destination node carrying out the SIC detection, the affecBNR for themth data stream of
MF relay beamforming scheme can be derived as
(P/M) 717 m

SNRME —
" us MFP\H HYTH 2 2 2
k;H(pk( sp) GGy Hk>mH oy + 03

(18)

C. MF-RZF beamforming

In this subsection, we utilize the regularized zero-fogdfRZF) precoding [18] as the transmit
beamformer for FC while MF is still kept as the receive beamfer matching with the BC

condition. So the MF-RZF beamformer is constructed as
FUP-RIE = GH (GyGE + oyLyy) HY, (19)

where ;. is an adjustable parameter that controls the amount offémerce among multiple
data streams in the second hop. One possible metric for lgpag is to maximize the end-to-
end effective SNR which will be given below. Hence the cqooegling received signal at the

destination is

K K
y = Z GkaHkS + Z Gkal’lk + ny

k=1 k=1
i 1 u 1

= ZkakaH (GkGf + OékIM) HfHkS + ZkakaH (GkaH + OékIM) ank + ng.
k=1 k=1

(20)

The effective channel matrix between the source and thenddéisin is derived from (20) as

K
HAYTRZE =N GGl (GiGE + anlyy) HITHL. 1)

k=1



Similarly, after QRD ofH}, 4" and the SIC detection at the destination node, the effective

SNR for themth data stream of MF-RZF relay beamforming is obtained as
(P/M) 77 m

s MF—-RzZF\H 2

(Z H(Pk( sp ) Ak) H )U%"‘Ug
=1 m

where A, = G, FYF~74F Term#,,,, is themth diagonal entry of the right upper triangular

RYZH4E derived from QRD operation dfiit, 4" like (14). And p,, of the MF-RZF
relay beamforming is given by substituting (19) into eqomt{11).

, (22)

SNRMF_RZF —

matrix

Finally, the ergodic capacity of a dual-hop MIMO relay netwavith relay beamforming can

be derived by summing up the data rate of all the streams as

M
1
C=Emg, ggx, {5 Z log, (1 + SNRm)} , (23)
m=1
where SN R,, refers to the effective SNR in (18) or (22). From the cut-eirem in network
information theory [6], the upper bound capacity of the MIM&ay networks is

K
1 P
Cupper = E{Hk}le {5 10g det <IM + M—O'% kz: HEHk> } . (24)
=1

D. Computational complexity analysis and remarks

In spite of no additional signal processing at the destimatreferenced schemes in [14]
implement QR decomposition of matrices at each relay notlsatiz. More precisely, for QR-
P-QR scheme in [14], each backward charigland forward channe&/ should have a QRD
operation. Each relay node has twice QRD operationd of M complex matrix. Therefore, it
costs2K times of QRD (V x M complex matrix) for QR-P-QR scheme. For QR-P-ZF scheme,
it still needs to implements times of QRD of theN x M matrix. When it comes to our
schemes, for both MF and MF-RZF relay beamforming, the wkiaal processing spend only
once QRD at the destination node. Moreover, in our desigiiRP is operated on the effective
channel matrixHsp between the source and the destination. The dimension ofdh®plex
matrix for QRD isM x M, which is free from the antenna numh&rand the relay numbek'.
Obviously, the proposed schemes reduce the computationgblexity sharply compared with
the referenced methods in [14].

Additionally, in order to guarantee the effective channatnix to take the right lower triangular

form, the phase control and ordering matrix has to be usddkimeglay beamformers in [14]. This



results in a performance loss in terms of the network capasihile the QRD of the compound
effective channel at the destination proposed in this papses the relay beamformer design

more flexible, because the effective channel matrix is neesgary to be a triangular form.

V. SIMULATION RESULTS

In this section, numerical simulations are carried out ideorto verify the performance
superiority of the proposed relay beamforming strategi#s. compare the ergodic capacities
of MF and MF-RZF relay beamformers with QR-P-QR, QR-P-ZFposed in [14] and the
conventional AF relaying scheme in the dual-hop MIMO relatworks. The capacity upper
bound is also taken into account as a baseline. All the schanmgecompared under the condition
of various system parameters including total number ofyrelades and power constraints at
source and relay nodes, i.e., different PN/ ¢, the SNR of BC), and different QNRX, /o2,
the SNR of FC). For simplicity, the exntries &1, and G, are assumed to bgi.d. complex
Gaussian with zero mean and unit variance. All the relay s@te supposed to have the same
power constraint), = Q (k = 1,...,K), anday, = 1(k = 1, ..., K), which, within a limited

range, has no significant impact on the ergodic capacity ®MRk-RZF relay beamforming.

A. Capacity versus Total Number of Relay Nodes

Like in [13], [14], the capacity comparisons are given wikie tincrease of the total number
of relay nodes. In order to illustrate how the SNRs of BC andha@e impact on the ergodic
capacity with various relay beamforming schemes, threferéifit PNR and QNR are taken into
account. Fig. 2 shows the capacities change itavhen N = M = 4, PNR= QNR = 10dB.
Apparently, the proposed MF and MF-RZF relay beamformentpeariorm the QR-P-ZF and
QR-P-QR relaying schemes in [14] féf > 1. For this moderate PNR and QNR, the MF-RZF
beamformer has the best ergodic capacity performance artt@ngjve relaying schemes and
approaches to the capacity upper bound. This can be explamea result that the MF receive
beamformer can maximize receive SNRs at each relay node wWiglRZF transmit beamformer
pre-cancel inter-stream interference before transmgittive signal to the destination node.

The relative capacity gains changing with the PNR and QNRemmahstrated in Fig. 3 and
Fig. 4. It can be seen from Fig. 3 that MF and MF-RZF keep theesapty over other relaying
schemes when the network has low SNR in BC (PNRIB) and high SNR in FC (QNR
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20dB). This is because that the MF is used as the receive bearafdor the first hop channel,

showing the advantage of MF against the low SNR conditionthieumore, Fig. 3 shows that the
capacity gains of MF-RZF scheme over other beamformersrbedarger, while the performance
superiority of MF decreases when compared to the scenaiagin2. This is because that the
MF performance becomes worse with the increase of SNR, vwihdeRZF in FC turns to be

better. A larger gap between QR-P-ZF and QR-P-QR beamfgrmahemes also confirms the
advantage of ZF being the transmit beamformer in the high &¢fion. With the knowledge of

the performance characteristics of MF in low SNR regions B&d in high SNR regions, the

fact illustrated in Fig. 4 that ergodic capacity of MF-RZFcbees a little bit smaller than MF

in low QNR environment is reasonable.

Finally, in all the three environments considered above,dbnventional AF relaying keeps
as a bad relaying strategy. It can be seen that AF can nototbiidistributed array gain since
its ergodic capacity does not increase with the total nunalbeelay nodes. The reason is that,
as for the AF relaying, each relay node uses the identityixnas the beamformer which does
not utilize any CSI of both BC and FC. It is also very importéminvestigate the behaviors of
all the relay beamforming schemes when distributed array igaunavailable, i.e., when there
is only a single relay node in the network. From Fig. 2 to Figit 4an be seen that AF relaying
is no longer the worst one and becomes acceptable vthenl. Meanwhile, the performance
advantages of the proposed methods over other convenschames vary from case to case.
Look at the ergodic capacities of all the schemes at the wdif = 1 in Fig. 3. At this time,
the single relay system has low PNR (PNRdB)and high QNR (QNR 10dB). MF-RZF's
capacity has aboui.1bps loss than QR-P-ZF beamforming while MF ha83bps gain over
QR-P-QR scheme. However, if the dual-hop network has meel@HR and QNR (see Fig. 2)
or high QNR (see Fig. 4), the MF and MF-RZF still outperforne tthemes proposed in [14].
For example, wheilk = 1, PNR= QNR = 10dB, the ergodic capacity of MF-RZF beamforming
achieves).3bps andl1.01bps gains over QR-P-QR and QR-P-ZF schemes respectivelforAs
the MF beamformer, these gains becabri®bps and).77bps. From the above discussion, it can
be concluded that our proposed relaying schemes are gidlieet when the relay network has
no distributed array condition and only intranode arrayngai available. It should be noticed
that simplest AF relaying has desirable capacity perfocaan this case. Therefore, the AF

scheme might be regarded as an alternative solution, eslyewhen the network has only one
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relay node and moderate SNRs of two-hop channels.

B. Capacity versus PNR

The ergodic capacity versus the PNR and QNR is another impioespect to measure the
performance of the proposed schemes. The performances adifdAMF-RZF linear relaying
schemes are shown in Fig. 5 and Fig. 6. We set @RRR in Fig. 5, which is the same as done
in [14]. The ergodic capacities of both MF-RZF and MF relaysirategies grow approximately
linearly with the PNR (and QNR) like the upper bound and orftgen other schemes.

In Fig. 6, we evaluate how the capacities change with the PiNRelbping QNR= 10dB. The
two proposed relay beamformers can still achieve much mg¢tdéormance than the conventional
schemes. However, the ergodic capacities of all the relaynberming schemes become saturated
as the PNR increases. Note that AF scheme can even outpdtfer@R-P-ZF beamforming in
the high PNR region in this case. And capacity upper boungsegeowing linearly with PNR
since it is determined only by the BC conditions as can befiedrin equation (24). The result
in Fig. 6 illustrates that if the SNR of FC keeps under certeatues, simply increasing the

source transmit power has limited impact on the network ciapa

V. CONCLUSION AND FUTURE WORK

In this paper, two novel relay beamformer design schemesdbas MF and RZF tech-
niques have been derived for a dual-hop MIMO relay networth \iimplify-and-Forward (AF)
relaying protocol. The proposed MF and MF-RZF beamformees anstructed jointly with
the QR decomposition filer at the destination node whichsfiams the effective compound
channel into a right upper triangular form. Consequentitiple data streams can be decoded
with the destination SIC detector. Simulation results dest@te that our proposed schemes
outperform the conventional relay beamforming strategiethe sense of the ergodic capacity
under various network parameters. Furthermore, the twpgsed relay beamforming schemes
still have desirable performance when the distributedyagain is unavailable in the network.

Although the proposed relay beamforming strategies havenpeance gain over the conven-
tional schemes, the original optimization problem (8) a@y the imperfect CSls of BC and FC,
the overhead of the feedback traffic, and the optimalalues of the MF-RZF beamformer are

still challenging problems that need further researchreffo



12

REFERENCES

[1] R. Pabst, B. H. Walke, D. C. Schultz, H. Yanikomeroglu,Mukherjee, H. Viswanathan, M. Lett, W. Zirwas, M. Dohler,
H. Aghvami, D. D. Falconer, and G. P. Fettweis, “Relay-BaBagloyment Concepts for Wireless and Mobile Broadband
Radio,” [EEE Commun. Mag.ol. 42, no. 9, pp. 80-89, Sept. 2004.

[2] E. Telatar, “Capacity of Multi-antenna Gaussian Chdsji&uro. Trans. Telecommvol. 10, no. 6, pp. 585-596, Nov. 1999.

[3] A. Goldsmith, S. A. Jafar, N. Jindal, and S. VishwanatBapacity limits of MIMO channels,JEEE J. Sel. Areas Commun.
vol. 51, no. 6, pp. 684-702, Jun. 2003

[4] B. Wang, J. Zhang, and A. H. Madsen, “On the Capacity of MINRelay Channels EEE Trans. Inf. Theoryvol. 51, no.

1, pp- 29-43, Jan. 2005.

[5] C. K. Lo, S. Vishwanath and R. W. Heath, Jr., “Rate BounoisMIMO Relay Channels Using Precoding,” Rroc. |IEEE
GLOBECOM vol. 3, pp. 1172-1176, St. Louis, MO, Nov. 2005.

[6] H. Bolcskei, R. U. Nabar, O. Oyman, and A. J. Paulraj, “@afy Scaling Laws in MIMO Relay Networks[EEE Trans.
on Wireless Commupnvol. 5, no. 6, pp. 1433-1444, June 2006.

[7] O. Oyman and A. J. Paulraj, “Design and Analysis of Lin&astributed MIMO Relaying Algorithms,1EE Proceedings
Commun. vol. 153, no. 4, pp. 565-572, Aug. 2006.

[8] C. Chae, T. Tang, R. W. Heath, Jr., and S. Cho, “MIMO ReigyWith Linear Processing for Multiuser Transmission in
Fixed Relay Networks,IEEE Trans. on Signal Processiol. 56, no. 2, pp. 727-738, Feb. 2008.

[9] W. Guan, H.-W. Luo, and W. Chen, “Linear Relaying Scherme MIMO Relay System With QoS Requirement$ZEE
Signal Process. Lettvol. 15, pp. 697-700, 2008.

[10] R. H. Y. Louie, Y. Li, and B. Vucetic, “Performance ansily of beamforming in two hop amplify and forward relay
networks,” inIEEE Intern. Conf. Commun. (ICCpp. 4311-4315, May 2008.

[11] V. Havary-Nassab, S. Shahbazpanahi, A. Grami, and.Z.4Q, “Distributed beamforming for relay networks based on
second-order statistics of the channel state informdti®@EE Trans. Sig. Prog.vol. 56, no. 9, pp. 4306-4316, Sept. 2008.

[12] K. Jitvanichphaibool, Y.-C. Liang, and R. Zhang, “Befamming and Power Control for Multi-Antenna Cognitive TWtay
Relaying,” in Proc. IEEE WCNCpp. 1-6, Apr. 2009.

[13] H. Shi, T. Abe, T. Asai, and H. Yoshino, “A relaying schemsing QR decomposition with phase control for MIMO
wireless networks,” irProc. Int. Conf. on CommunMay 2005, vol. 4, pp. 2705-2711.

[14] H. Shi, T. Abe, T. Asai, and H. Yoshino, “Relaying schemsesing matrix triangularization for MIMO wireless netwsrk
IEEE Trans. Communvol. 55, pp. 1683-1688, Sep. 2007.

[15] J. K. Zhang, A. Kavcic, and K. M. Wong, “Equal-diagonaRQlecomposition and its application to precoder design for
successive-cancellation detectioffEE Trans. Inf. Theoryvol. 51, no. 1, pp. 154-172, Jan. 2005.

[16] Y. Lo, “Maximum ratio transmission,JEEE Trans. Commuxol. 47, pp. 1458-1461, Oct. 1999.

[17] M. K. Simon and M.-S. Alouini,Digital Communications over Fading Channels: A Unified Ajguh to Performance
Analysis 1st ed. New York, NY: John Wiley and Sons, 2000.

[18] C. Peel, B. Hochwald, and A. Swindlehurst, “Vectoripebpation technique for near-capacity multiantenna rasér
communication-Part I: Channel inversion and regularigti IEEE Trans. Commun.vol. 53, no. 1, pp. 195-202, Jan.
2005.



lm

Fig. 1.

Source
Node

1st
time slot

e

Relay #1
F 1

Destination
Node

W

i B9

Relay #K
F

K

2nd

]

]

time slot

System model of a dual-hop MIMO network with relay féarming.

13



25

— Upper Boung
—*— MF-RZF
—o0— MF 1
—A— QR-P-ZF
—v— QR-P-QR
| —a—AF

N
o
T

=
al

=
o

Ergodic Capacity (bit/s/Hz)

1 5 10 15 20 25 30
Total Number of Relay Nodes, K

Fig. 2. Ergodic capacity comparisons vergds(N = M = 4, PNR = QNR = 10dB).

14



20

—— Upper Bound
—*— MF-RZF

—o—MF
—A— QR-P-ZF o
—— QR-P-QR

=
ol

=
o

Ergodic Capacity (bit/s/Hz)

92

1 5 10 15 20 25 30
Total Number of Relay Nodes, K

Fig. 3. Ergodic capacity comparisons verdds(N = M = 4, PNR = 5dB,QNR = 20dB).

15



w
o1

— Upper Bound
| —*— MF-RZF
—0— MF

w
o
1

—A— QR-P-ZF
| —v—QR-P-QR
—o— AF

N
a1

N
o

Ergodic Capacity (bit/s/Hz)

1 5 10 15 20 25 30
Total Number of Relay Nodes, K

Fig. 4. Ergodic capacity comparisons verdis(N = M = 4, PNR = 20dB, QN R = 5dB).

16



17

(o)}
o

— Upper Bound
—k— MF-RZF
—o— MF

—A— QR-P-ZF
| =— QR-P-QR
—o— AF

A
o

NN
o

w
o

N

Ergodic Capacity (bit/s/Hz)

0 5 10 15 20 25 30
PNR(QNR) (dB)

Fig. 5. Ergodic capacity comparisons versus PNR (QNR)} M = 8, K = 10).



~
o

— Upper Bound
| —d—MF-RZF | o S
—0— MF

-| —&— QR-P-ZF
—v—QR-P-QR

(o))
o

al
o

N
(@)

Ergodic Capacity (bit/s/Hz)

0 10 20 30 40
PNR (dB)

Fig. 6. Ergodic capacity comparisons versus PNR=£ M =8, QNR = 10dB, K = 10).

18



	I Introduction
	II System Model
	III Relay Beamforming Design
	III-A QR decomposition and SIC detection
	III-B MF beamforming
	III-C MF-RZF beamforming
	III-D Computational complexity analysis and remarks

	IV Simulation Results
	IV-A Capacity versus Total Number of Relay Nodes
	IV-B Capacity versus PNR

	V Conclusion and Future Work
	References

