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Abstract

This paper proposes a minimum mean-square-error bi-directional amplify-and-forward (MMSE-
BAF) relaying protocol for multi-hop wireless networks employing multi-antenna relays. MMSE-
BAF is a two-phase relaying protocol which allows for two sources to exchange independent
messages via a relay node equiped with multiple antennas. The latter performs a joint linear
MMSE filtering of the received signal after the multiple access (MA) phase before amplifying
and forwarding using a single transmit antenna, possibly through a specific antenna selection
procedure, during the broadcast phase. The proposed MMSE-BAF protocol extends upon the
so-called analog network coding schemes in the literature in that it inherently exploits the mul-
tiple antennas at the relay station in order to reduce the noise enhanced effects typical of an
AF protocol. Owing to its joint linear MMSE filtering approach, it can also compensate for
link imbalances between the relay and the sources and is agnostic to sources’ modulation and
coding schemes (MCS), which is especially relevant when these experience dissimilar channel
conditions and wish to adapt their MCS accordingly. We derive the instantaneous signal-to-
noise ratio expressions for the received signal by the source nodes in the downlink and provide
extensive link-level simulation results for the MMSE-BAF protocol subject to both frequency
flat and selective fading. Furthermore, we detail the modifications needed to the IEEE 802.16e
orthogonal-frequency-division multiple access (OFDMA) cellular standard (mobile WiMax) to
enable support of multiple-antenna bi-directional communications and show that MMSE-BAF is
a viable solution within that framework.
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I. INTRODUCTION

Half-duplex bi-directional relay systems in which two nede and .S, wish to exchange
independent messages via a third node R, termed relay, ig&zéar some interesting challenges
from a cooperative communications and information-theogoints-of-view. This is especially
true when the relay node R is equipped with multiple anten®ash two-way relay channels have
many applications in ad-hoc and cellular networks in whitimabile-to-mobile communications
have to pass through a common base station. Since fullxlg@eration is of little practical
interest given current state-of-the-art technology, @aus is on half-duplex nodes, where each
active node can either transmit or receive an informatiorsgage at a given point in time.
In particular, without loss of generality, we are interélste the communications part of the
problem in a cellular context where two mobile stations wislexchange data simultaneously
via a common base station.

The traditional baseline approach for bidirectional cominations in half-duplex mode be-
tween two sourceS; andS; via a relay station R consists oflgphase protocol with a completion
time of 4-time-slots (TSs) whereby;, and S, send N-bit packetsb; andb, € {0,1}" to R
during TS1 and TS2, respectively; R decodes the received packets, and thets dgro 5,
andb; to S, during TS3 and TS4, respectively. The gist of the 4-phase protocol is to avoid
interference by preventing simultaneous transmissioos) fthe sources to the relay and vice
versa. However, it was shown in [1] that a three-phase pobtexploiting the network coding
idea by combining packets; and b, at the relay and broadcasting a single padketb b,
where@ denotes the bit-wise exclusive-at0R) operation, is actually more attractive in terms
of achievable throughput, since the desired packe$,;atan be decoded using anoth&R
operation (and similarly a$;). Better still, a recent concept introduced in [2] and tedraealog
network coding (ANC) combines the first two phases of the eatienal baseline protocol into
a single multiple access (MA) phase with simultaneous trassions from the sources to the
relay; the received multiple access signal at the relayes @#implified and broadcast £ and
S,, thereby yielding the so-called two-phase bi-directiceralplify-and-forward (BAF) protocol.
A similar concept to ANC, using estimate-and-forward reigyas opposed to AF relaying, has
been proposed in [3] under the terminology of physicaltayework coding (PNC). A schematic
diagram illustrating the aforementioned bi-directionedtpcols is illustrated in Fig. 1.
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Fig. 1. Bi-directional communication protocols (a) 4-phasnventional protocol (b) 3-phase protocol with decodd-@rward

network coding (c) 2-phase BAF protocol with amplify-araivard relaying.



Information-theoretic aspects such as bounds on the adfiethroughput and the capacity
region of the bidirectional relay channel have been ingestid in [4]-[6]. A Markov-chain-
based performance analysis of several variants of the BAEpol was carried out in [7]-[9].
Linear beamforming filter designs for bi-directional commuations with multi-antenna relay
stations are proposed in [10]-[12]. In this paper, we prepassimple two-phase minimum-
mean-square-error (MMSE)-BAF protocol which operates lgring the received signal at the
relay station after the MA phase using a specially desigméat jinear MMSE filter before
amplifying and forwarding the filtered signal during the &doast phase. Whereas optimal
relay beamforming structure for bi-directional multi-anba relay channels is sought in [12],
our MMSE-BAF protocol is a simple low-complexity driven appch for bi-directional multi-
antenna relay channels which exploits linear signal pingson the uplink (fromS; and S, to
R) and transmit antenna selection (TAS) on the downlinknfff® to.S; andsS;). Besides, MMSE-
BAF is a two-phase bi-directional relaying protocol, wres¢he multi-antenna relaying protocol
put forward in [10] is a three-phase protocol which necass# decoding and re-encoding of the
received signals at the RS prior to the broadcast phasellyFivMSE-BAF differs from the
so-called spatial division duplex (SDD) bi-directionalaygng scheme proposed in [11] in that
it allows to bias the beamforming weights in favor of one & ttvo source nodes as required to
compensate for potential imbalance of the relay-to-solingechannel gains or other parameters
such as dissimilar signal constellations employed;aaind S;.

The remainder of this paper is structured as follows: Saecligoresents the system model
for MMSE-BAF relaying. In Section lll, we describe the prgead MMSE-BAF protocol and
derive the signal-to-noise ratio (SNR) expressions uporchvbur extensive simulation results

provided in Section IV are based. Finally, concluding reteaare drawn in Section V.

[I. SYSTEM SETUP AND SIGNAL MODEL

The following set of notations is employed throughout tregper: Boldface upper- and lower-
case symbols are used to denote matrices and column-veotspectively.I,, denotes the
identity matrix of orderm. Moreover,(.)*, (.)¥, (.)* andE[.] stand for conjugate, transpose,
transpose-conjugate and expectation operators, regplgcti

Without loss of generality, we focus our attention on celtudystems, although our proposal

and framework are suitable for any type of two-hop bi-diatl relay setting. For that purpose,



we consider an infrastructure-based wireless commupitatsystem consisting of two mobile
stations (MSs), MSand MS, and one base station (BS). A block diagram of the systemrunde
consideration is depicted in Fig. 2. Both MSs as well as theaBs equipped with multiple
antennas for reception with the aim of canceling out po&¢rdiher cell/user interference but
may only transmit using a single transmit antenna. This rapsion is dictated by the need
to reduce the transmit-power requirements for user tersiiaad to lower the complexity and
cost of a transmission chain at the base station, generglhehthan that of a reception chain,
especially when accounting for high-cost radio-frequeaaplifiers involved in the transmission
chain. This is for instance the case in current cellulardaats such as IEEE 802.16e [13]. Note
that our proposed scheme works equally well with both tinmestbn duplex (TDD) as well as
frequency-division duplex (FDD) modes of operation. Withtmss of generality and for the sake
of notational brevity, we focus on the FDD mode in the follogianalysis. Performance results
for both TDD and FDD will be presented in Section IV.

Complex baseband transmission is assumed throughout piee. phat M/, denote the number
of receive antennas at the BIS,[n] = [h![n], B3[n], - - - , )" [n]]” andhy[n] = [hd[n], h3[n], - - -
,hé”bs [n]]7 denote theM,, x 1 uplink channels from MSand MS to the BS, respectively,
where n is the discrete-time index. The corresponding time-vayyohannel vector elements
{hl[n)}iz12.=1... a1, @re realizations of a zero-mean unit-variance Gaussiaa-gétse station-
ary process. Assumingy/,, antennas at each of M&nd MS for downlink reception, we define
giln] = [gi[n], giln), -~ 9t [n)]" and gs[n] = [g5[n], g3[n], -~ . g2"[n]]" as the downlink
channels from BS to MSand MS, respectively. For the special case/df, = M,, = 1, TDD
assumption allows us to sgt[n] = hi[n] andg, = hl[n]. Let z;[n] be the signal transmitted
from MS, and intended for M§ and x3[n] be the signal transmitted from MSnd intended
for MS,; at timen. Both z;[n] andz;[n] are drawn from two possibly different complex signal
constellations with average energigs= E [|z1[n]|’] ando? = E [|z2[n]|*], respectively. Prior
to any signal processing at the BS, th&, x 1 received signal at the end of the MA phase is
then given by

yln] = by [n]z: [n] + ho[n]za[n] + nfn] (1)

wheren[n] is M,s x 1 additive white Gaussian noise which is modeled as a zeroyrogeau-

larly symmetric Gaussian random vector with covariancerimat [n[n|n[n|"] = 0% I,,,. For
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Fig. 2. Block diagram of the system setup.

notational simplicity, the discrete-time indexis omitted for the remainder of this paper.

I1l. MMSE-BAF: DESCRIPTION& A NALYSIS

Uplink Multiple Access Downlink Broadcast
Pilots
B,v,and v,

Fig. 3. Block diagram of the system setup.



A. Protocol Description

Fig. 3 illustrates the physical-layer frame structure foalding the MMSE-BAF protocol
for the uplink MA and the downlink broadcast phases. A fraraaststs of packets originating
from the link-layer whose size depends on the chosen MCS aoetiich downlink or uplink
frame contains a fixed number of symbols. As can be seen inefhddnd side of Fig. 3, the
uplink frame structure is composed of two parts, one fortmhombols which are chosen to be
orthogonal for M$ and MS. Orthogonality of the pilot symbols can be maintained in tihee,
frequency or in the 2-dimensional time-frequency grid. $keeond part is for data symbols. The
orthogonal pilot symbols are used to estimate the chainetdh, corresponding to MSand
MS,. A beamforming weight vectow,, is then computed at the BS based on a joint MMSE
criterion to be specified shortly. The BS then estimates aplifioation factor3 subject to an
average power constraint. Likewise, the downlink framedtire contains pilot and data parts.
Additionally, it contains a control part consisting of qtized versions of the amplification factor
/3 (a positive scalar value) and the two complex scalars values w)ih; andv, := wlth,. The
downlink data symbols consist of the beamformed amplifiedHarwarded symbols received on
the uplink frame in FDD mode.

The MMSE-BAF protocol at the BS with consists of the folloginperations:

1) Jointly minimize the MSE between the received signal atBi$y[n] and the transmitted
signalsz[n] and zy[n], thus performing a joint linear-MMSE filtering of the reced
signal, using the following metric:

Wopt = argmin{é E Dxl — WHy}2 |hy, hg} + 0 E DxQ — WHy‘2 |hy, hQ]} (2)

weCMps
whereC is the field of complex numbers and > 0, 6, > 0, 4; + d, = 1, are the two
design constants that control the relative weight assigogte signals of MSand MS.
The minimization problem in (2) is a modified Wiener filteripgoblem whose solution
can be easily found using the orthogonality principal irein mean square estimation and

is given by:
Wopt = (O’%hlh? + O'ghgh;_[ + U?VIjvij)_l (510’%111 + (520’3112) . (3)

This minimization requires an estimation of both mobildistss’ vector-valued channels
h; and h,.



2) Amplify the linear MMSE-filter output to maintain a constaaverage transmit powe?r

which leads to computing the amplification gain factor

Pr
g = (4)
E [|w™y|* [hy, hy]
Pr
ol ‘ngpthlf + 02 }W%thg‘z + 0% ||W0pt||2

3) Transmit the amplified signal back to the MSs on one of theraras using an appropriate

(5)

downlink transmit antenna-selection (TAS) algorithm, dgh®n the uplink channel. One
approach inherent to the MMSE-BAF protocol is to select thieiana that has the largest

beamformer weight.

B. Performance Analysis

Define z := wz;,gty, wherey is the uplink received signal (1), as the output of the MMSE

filtering operation at the BS. The AF transmitted signal oa downlink is
z, = Bz = fwiky. (6)
The received signal on the downlink for M&nd MS is therefore given by
Y1 = g1%, + 1y, (7)

and

Y2 = 827, + Ny, (8)

wheren; andn, are the zero-mean AWGN at M@nd MS respectively, with covariance matrix
o3I ,,,. Without loss of generality, let us focus on the signal reegiby MS (7). A similar

signal processing is required at M3ncorporating (1) and (6) into (7) yields
y1 = g1wes (hiz1 + hozy +n) +ny. )

Now, assuming that MSi) is able to perfectly estimate its own downlink channel teeg;
owing to the downlink pilot symbols sent by the BS, ii) knows own transmitted signait,

and iii) is able to extract the value of the amplification &act as well as the couplév,, vs),

1TAS using the largest beamformer weight is applicable foDT@nly owing to the channel reciprocity.



all of which are sent on the downlink control channel as argld in Section IlI-A, then M$
can subtract the so-called self-interference componetiteofeceived signal, i.; Sv,x1, hence

winding up with a processed received signal of the form

r, = yi—gifun (10)

= Y- glﬁW?pthlxl (11)

= gifwithors + g1 fwitin + ;. (12)
—_——

=ny
Note thatn,, defined in the previous equation, is a zero-mean coloredeneector with a

conditional covariance matrix given by

21 = E [ﬁlﬁ’iﬂglv ﬁ) WOpt] (13)
= /nglwg_étE [HHH} Woptgz{ +E [nlnm (14)
= 012\/ (IMSS + 52g1W?ptWoptg?) . (15)

In the absence of knowledge of the conditional covarianc&im; at the receiver of M§ an

estimatez, of 2, can be obtained as follows:

~ (glﬁvz)H
Ty = ry, 16
? (g18v2)" (g1 8v2) ! (16)
which after simplification becomes
. 1 g?ﬁl
To = Ty + — . 17
2 2 ﬁUQ gf{.{gl ( )

=T2

The conditional variance of the newly defined scalar noise t&, can be expressed as
1 gl'E [ﬁ?ﬁﬂ g1

ﬁQ |U2|2 (g?gl)z

1 "y

— - ng 1g; ) (19)
3? |Uz| (g7'g1)

Now, we are in a position to determine the SNRat MS, as

(18)

¥ =E [|ﬁ2|2} =

B E [|1’2|2}
Y2 = W 29
o3 3% |va|? (g?gl)Q. (21)

g?&gl
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Note that after incorporating (13) into (21) and further giification, (21) can be expressed as

follows
L, PP o>
oy 1+ B2{|wopt|?[| g1 (|2

Similarly, one can evaluate the SNR for the signalz; received at Mg which is found to be
= ot ] (g5'es)?

(22)

23
g5 o) (23)
whereX, is a noise covariance matrix (analogousig) defined as
3, =0y (IMSS + ﬁngWZ)-E)tWOptg;{) . (24)
Again, upon incorporation of (24) into (23), the latter casm 9implified to
L= 0%52‘01‘2 ||g2H2 ) (25)
o 1+ 5[ wopt| (| g1

It is worthwhile to mention that the above SNR expressions~io (22) and~; (25) have
been obtained without exploiting the colored nature3hf and X,. Surprisingly, as shown in
Appendix-A, even by whitening the colored noise, the SNRresgions fory; andy, remain
the same, which is a good news in some sense because it maatisettsignal processing cost

associated with the whitening operation can be completieureited.

IV. SIMULATION RESULTS AND DISCUSSION

In this section, we present some simulation results on thfleqeance of the proposed MMSE-
BAF system. First, Fig. 4 shows the MSE performance of MMS&-Bas a function of the
relative loading of user-1 over user-2,, with M, = 4 antennas at the base-station. Two
scenarios are considered: In Fig. 4(a), both the usersageereceived SNRs at the base-station
are set tol0 dB, whereas in Fig. 4(b) the average received SNR of usergetiso 20 dB
whereas it is40 dB for user-2. The weighted average MSE immediately afterapplication
of beamformer, the average MSE of user-1 after MMSE beandoffisilowed by an AF gain,
and the average MSE of user-2 after MMSE beamformer follolmedn AF gain are obtained
by drawing independent channel realizations ouM&000 trials. From Figs. 4(a) and 4(b), we
observe that increasingy minimizes the MSE of user-1 at the expense of an increase i M6
user-2, whereas an optimuin exists that jointly minimizes the MSE of both users. Intéregy,

from an implementation point-of-view, the range®fis broad to arrive at this optimum overall
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MSE. Comparing Figs. 4(a) and 4(b), we notice that, due tajuakaverage received SNRs,
the individual MSEs as well as the overall MSE are not symimédtmctions ofd;. Thus, one
should take into account the knowledge of the average u@iNRs to arrive at an appropriate
0; to maintain desired MSE levels for each of the two users.

In Fig. 5, the empirical cumulative distribution functio@@F) of two-time-slots based MMSE-
BAF is compared against the four-time-slot based baselys&ees. Here, the base-station and
the mobile station receivers are each equipped with fowgivecantennas. The uplink average
received SNRs, per antenna, of users 1 and 2 are sed® and 10 dB, respectively, and the
average received SNR per antenna at each mobile stationtssdB. We also assumg = 4.
Fig. 5 shows that the two-time-slots based MMSE-BAF systetp&forms the baseline system
by an order of magnitude.

As argued earlier, the proposed MMSE-BAF protocol is equattractive to both TDD and
FDD systems. Figs. 6 and 7 show uncoded symbol error rate )($ERormance of MMSE-
BAF on block-fading TDD channels when the two users empl@gidiilar modulation formats.
In both Figs. 6 and 7i) user-1 employs QPSK modulation whereas user-2 employsAld-Q
modulation,(i7) a data frame containg)0 modulation symbols an20 pilot symbols for channel
estimation, andiii) the channel remains constant over the duration of at leasframes (TDD
assumption). In Fig. 6 the base-station as well as the udkfsaee single transmit/receive
antenna. With equal average received SNRs at the baserst&ig. 6(a) shows that at lower
average received SNRs pilot-based channel estimationhemteery closely the performance
achieved in case of perfect channel knowledge for both u&nee each user has to subtract
its own channel-compensated transmitted symbol to dedwether user’s modulation symbol,
a user transmitting using a higher order constellation haspbtential to generate higher self-
interference in the presence of channel estimation erfags.6(a) shows that with equal average
received SNRs, the average SER of BPSK exhibits an error ftmoan average SNR higher
than30 dB. When user-2 transmits at an SNR tha2(sdB higher than user-1's SNR, Fig. 6(b)
shows that the error floor for the BPSK modulation occurs mettier.

The advantages of transmit antenna selection over tramsgnirom an arbitrary antenna
is investigated in Fig. 7 when the base-station has fournaai® for reception. Exploiting
the channel reciprocity of TDD systems, we first compute tleenent-wise magnitude of the

estimated beamformer and downlink transmission is diceicten the antenna that has the highest
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Fig. 5. Comparison of empirical capacity CDFs of the MMSEMBgystem against the baseline system witlintennas at the

base-station as well as the mobile receivers.

magnitude. It is important to note that once the base-stat@omputes the MMSE beamformer,
no additional computation complexity for TAS is requiredoid Fig. 7, we observe that the pilot-
based channel estimation has excellent performance in aasop with the ideal performance
and our proposed simple TAS yields an impressive gain ofectos$ dB at an average SER of
1074,

We have also investigated the feasibility of bidirectiorglhying for OFDM/OFDMA-based
4G cellular standards such as IEEE 802.16e [13]. The IEEEL8@Xystem is based on OFDMA
physical layer for both uplink and downlink. Current mobiégMax standard supports various
sub-channelization procedures, in both uplink and downtimections, for data transmission in
time (OFDM symbols) and frequency (OFDM subcarriers). Omehsuplink sub-channelization

procedure is termed partially utilized sub-channeliza{lUSC) wherein the modulation symbols



14

TDD SISO System. Uplink Modulation. Mobile 1: BPSK. Mobile 2: 16-QAM

0
10 T T T T T - - T
=i At Mobile 1. Ideal
m=@== At Mobile 2. Ideal
= & = At Mobile 1. pilot—-based |
= @ = At Mobile 2. pilot-based |
10_1 .............................................................................. u
[
IS
o
S
w
S -2
QO 10 F - Rl e .
e 10 X X . X . X . . o1
D)
(0]
(@]
g
g
< | A
10 ,"72—7’71;‘.,;‘.,;‘.,; ....................... :
Ypr =71 i
20 pilots and 100 data symbols
10_4 i i i i I
0 5 10 15 20 25 30 35 40 45 50
SNR (dB)
(a) Equal average uplink received SNRs
o TDD SISO System. Uplink Modulation. Mobile 1: BPSK. Mobile 2: 16-QAM
10 B T B T T T T

mm@mm At Mobile 1. Ideal
m=@== At Mobile 2. Ideal
= & = At Mobile 1. pilot—-based |
= @ = At Mobile 2. pilot-based |

10_ ........ Crlriiiiiiiiiiiiiooiiiiiiiin i iNgIIITiiiiii I Crriiiiiiiiiog

20 pilots and 100 data symbols

Average Symbol Error Rate

10_ ........ CIIIIiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiNGTIIIIIiiiiion

10 Il Il Il Il
0 10 20 30 40 50 60 70

SNR (dB)

(b) Unequal average uplink received SNRs
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Fig. 7. Performance of transmit antenna selection for TRBdd MMSE-BAF system witlh antennas at the base-station.
User-1 employs QPSK modulation whereas user-2 employsAM-@odulation. An uncoded system is considered with realist

channel estimation over block fading channels v@ithpilot and 100 data symbols per fading block.

of a given user are pseudorandomly spread over the freqummxyto extract frequency diversity
and to average interference across neighboring cellstsedBriefly, one slot in UL-PUSC is
defined as 48 modulation symbols spanning over three cotseddFDM symbols (which
is a PUSC slot duration). The modulation symbols togetheh whe pilot symbols needed
to estimate the uplink channel are sent over 6 tiles digebwver frequency, where a tile is
defined as four consecutive subcarriers over three conge@IEDM symbols. Each tile contains
4 pilot symbols, placed at the corners of the tile, and 8 dgtabsls. An FEC block in WiMax
comprises of a given number of slots and the maximum FEC bsmok is a function of the
modulation order and channel coding rate. The WiMax stahdapportS modulation order and
coding rate combinations. These are QPSK modulation witte catesl /2 and 3/4, 16-QAM
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TABLE |

SIMULATION PARAMETERS

Parameter Value
Bandwidth 10MHz
Sampling Rate 11.2Msps
FFT Size 1024
Subcarrier Spacing 10.9375KHz

Useful Symbol DurationT.) 91.4286usec

Cyclic Prefix (I'z) T./8
Useful Subcarriers 840

Left Guard Subcarriers 92

Right Guard Subcarriers 91
Channel Coding Convolutional Turbo Coding

(with 8 iterations)

Carrier Frequency 2.0GHz

modulation with code rates/2 and3/4 and 64-QAM modulation with rates/2, 2/3, 3/4 and
5/6. Fig. 8 shows the modified UL-PUSC structure to support bidional communications.
Each user employs Hadamard sequences as pilot symbolslitegha base-station to estimate
the individual channels without interference. For dowklimansmission, the base-station can
use any sub-channelization procedure. However, to rengiepimposal valid for FDD as well
as TDD systems, the downlink sub-channel structure is sattichl to the uplink one and the
broadcast pilots from each tile are used for channel estmat the mobile stations. For efficient
cancellation of self-interference, each mobile statioquiees the knowledge of uplink channel-
related parameters (a positive scalar value) and the two complex scalars valyes wgfpthl
and vy 1= wgfpthg. Additional simulation parameters are listed in Table I.

In Figs. 9 and 10, we show the performance of MMSE-BAF wherliagpo an IEEE 802.16e
system in an FDD mode of operation. These simulations ardusiad for a base-station with
four receive antennas and for a two-antenna mobile stadoeiver. In these plots, block error
rate (BLER) performances of genie-aided perfect channeil@dge are compared against pilot-
based realistic channel estimation schemes. For eaclotike channel estimate is obtained by

sample averaging the received pilots over that tile. Kndg#éeof neither the fading statistics
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Fig. 8. Sub-channelization procedure for bidirectionahomunication using the IEEE 802.16e protocol. In uplink,feaser is
allocatedK slots spanningV; sub-channels in frequency ovaf. slot-durations. Each slot-duration comprises3afonsecutive
OFDM symbols, whereas each sub-channel contaitiles distributed throughput the useful frequency bandilé dontains4
subcarries over a slot-duration with tHepilots at the corners of the tile and the remainBigpnes used for data. In the above
figure, there areV tiles with Ny = 1, Ny = N/6 and K = N:Ny = N/6. The circles filled with violet and red colors indicate
the pilot tones of user 1 and 2, respectively, whereas tluesifilled with black and blue colors indicate the data toofessers

1 and 2, respectively.

nor the delay/Doppler spread is assumed at the receivefaglrd, both users are assumed to
encode their data using QPSK modulation with raté-convolutional turbo coding (CTC). For
this MCS, the FEC block size is set to the maximum allowed,civhs equal tol0 slots or
10 x 48 x 2 x 1/2 = 480 information symbols. We have considered ITU Vehicular-Amchel
model with both low and high Doppler spread values3®fHz and256Hz, respectively. Fig. 9
shows that, under both high and low Doppler scenarios, phainnel estimation incurs a loss
of about2 dB, and MMSE-BAF works extremely well in supporting data lexieges in high-
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mobile environments. Fig. 10 shows the performance of MMBRE- with 64-QAM modulation
and a CTC with code rate of/2. With this MCS level, supporting a per-user over-the-air
spectral efficiency o3 bits/sec/Hz, we have employed the maximum possible FECKdae

of 2 slots, or2 x 48 x 6 x 1/2 = 288 information bits. Fig. 10(a) shows the block error
performance over ITU-Vehicular-A channel wis2 Hz Doppler, whereas Fig. 10(b) shows the
performance on a Pedestrian-B channel witHz Doppler. Due to higher frequency-selectivity
of Pedestrian-B channel, compared with the Vehicular-Ancleawhere the channel estimation-
based BLER performance (at 1 percent BLER) is aldodB away from the ideal performance,
the simple sample-average based channel estimation hatoenpence degradation of abosiH

dB compared to the performance with perfect channel knaydett is expected that the BLER
performance can be significantly improved by incorpora@ngmore complex two-dimensional
channel estimation scheme, such as Wiener filtering, wieighires knowledge of fading statistics

as well as Delay/Doppler spread information.

V. CONCLUSION

In this paper, we have introduced a so-called MMSE-BAF prokdor bi-directional com-
munications over two-way relay channels with multi-antemalay nodes. The features of this
protocol include the usage of analog network coding at the&yraode and the evaluation of
a receive weight vector for the relay node using a joint IiInEBMSE filtering operation on
the received uplink multiple access signal. Transmit ameselection using the largest MMSE
weight branch on the downlink is also an inherent featurenefgroposed protocol in the TDD
mode of operation. Extensive link-level simulations haeerb proposed for both TDD and FDD
modes of operations and required modifications to the exjs&EE 802.16e standard have been
proposed to accommodate the MMSE-BAF protocol. It has beews through simulation results
that the MMSE-BAF protocol is a simple yet efficient solutittnthe problem of bi-directional

communications in two-way relay channels with multi-am@melays and half-duplex nodes.



19

APPENDIX A

RECEIVED SNRS WITH NOISE WHITENING

We first re-write the noise covariance matricgs (13) andX, (24), using their eigenvalue

decompositions, as
¥, = PIAP, (26)
and X, = PJIA,P,, (27)

where P; and P, are unitary matrices and; and A, are diagonal matrices containing the
eigenvalues ob; and X, respectively.
Let us now focus on demodulating from r; by whitening the noise;. Let

s = A;%Plrl
— AP, (g1 fvaws + 1) . (28)
Since, conditioned o\; andP,
E {(A;%Plfn) <A1_%P1ﬁ1>H} — I (29)

it follows from (28) that the instantaneous received SNReoby whiteningr; is simply

2
!

T2 = U%)

A1_§P1g15112)

1 _1
= 0§ﬁ2|v2|2g?P?A1 A PPig

= O'% 2|v2|2g?21_1g1. (30)

In a similar manner, upon whitening to demodulater;, the instantaneous received SNR of
r1 becomes
v = 018 |vi g} 5 g (31)

Using the following matrix inversion lemma (MIL) [14]

H
—1 XX
Iy, +xx")" =1, ———, 32
( Mss ) Mss 1 + ||X||2 ( )
wherex is a column-vector of appropriate size, it is possible tdaher simplify (30) as
2132 2 2 2 H
/ 03 3%|vs] H( Bl woptlI“g181 )
Yo = —5—— %8 | Im, — g1
’ o ' 1+ 5[ woptl [l 112
o30% uaf? el @3)

TN 1+ 52| woptl|*[| g1 /1>
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In a similar manner, application of MIL in (31) leads to
o1 3% |v|? g2/
oX 1+ 52| wopt| (| g1

As we mentioned earlier, expressions fgr(33) and~; (34) are respectively identical to SNRs

V) = (34)

2 (25) and~y; (22) derived in Section IlI-B without performing noise wéniing. This somewhat
counterintuitive result leads us to conclude that SNR im@naent is not an option with noise

whitening when employing the MMSE-BAF protocol.
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Fig. 9.
channelization (PUSC) permutation. Each user employsIr&econvolutional turbo coding (CTC) with QPSK modulation

Performance of MMSE-BAF on MIMO-OFDMA based IEEE 8D&e system using uplink partial utilization of sub-

The FEC block length is 480 information bits which corregiiomo 10 slots, with 48 modulation symbols per slot, as per the
terminology in [13].
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Fig. 10. Performance of MMSE-BAF on MIMO-OFDMA based IEEE2806e system using uplink partial utilization of
sub-channelization (PUSC) permutation. Each user emphigs1/2 convolutional turbo coding (CTC) with QPSK modigla.

The FEC block length is 288 information bits which corregmmo 2 slots, with 48 modulation symbols per slot, as per the
terminology in [13].
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