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_Abstract—This paper proposes a relay selection scheme thatand the broadcast (BC) stage. During the MA stage, both
aims to improve the end-to-end symbol error rate (SER) perfo source nodes transmit their individual signals to the relay
mance of a two-way relay network (TWRN). The TWRN consists ,g4a simultaneously. Then, the relay node broadcasts the
of two single-antenna sources and multiple relays employm d si s to th ’ d in the BC st It
decode-and-forward (DF) protocol. It is shown that the SER processe signals to the source nodes In the i stage.
performance is determined by the minimum decision distance IS also assumed that the TWR schemes are assisted by the
(DD) observed in the TWRN. However, the minimum DD is likely network coding in analog or digital domain [6], [7]. In fadin
to be made arbitrarily small by channel fading. To tackle this \yireless channels, multiple relay antennas can bring siityer

gain to the TWR system [8]. This paper focuses on achieving

_problem, a phase rotation (PR_) aided relay s_eleg:tion (R_S) Beme
is proposed to enlarge the minium DD, which in trn improves diversity in the network coding aided TWR systems composed

the SER performance. The proposed PR based scheme rotates : .
the phases of the transmitted symbols of one source and of the Of multiple relay antennas and two single-antenna soudes.
selected relay according to the channel state informatiorgiming  performance metric considered is the symbol error rate JSER
LOF ingﬂ?asfigghzu Epl?tisn:ic;et:je ;)?Oalseinag daesl\i/ﬁgl\mugg- Irl?ti r|igvr\]/ef based on which the achievable diversity gain is derived.
ouna Is -
a_ssociated vx_/ith the channel gain_s. Itis demc_mstr_ated t_hahe PR diJgr;i?;T(jcf?rti(;E(eas Sgg\]/zotl)eirrzognjgit: d ((f)igr:si?/glr)f/o;(r;a'lr"\(/z\?é
aided MaxMin-RS approach achieves full diversity gain and a o - -
improved array gain. Furthermore, compared with the existing Systems. These existing works generally obtain full divgrs
DF based schemes, the proposed scheme allows more flexiblgain by processing signal(s) from either all relay anteroras
relay antenna configurations. a single one selected relay antenna. To be more specific, in
Index Terms—Decode-and-forward, beamforming, relay selec- [13], [14], the received signals from all relay antennas are
tion, network coding, MIMO, full diversity. combined, which allows both diversity gain and array gain
to be achieved. The signal combining operation employed in
[13], [14] obstructs its application in the distributed sa&o,
where the multiple relay antennas are distributed among sev
T Wo-way relaying (TWR) is a promising technique tceral single-antenna relays. This limitation is removed iy t
improve the coverage and connectivity of relay aidegistributed-antenna space-time coding (DSTC) based sehem
networks [1]-[3]. In a typical TWR channel (TWRC) [4],[9] and a variety of antenna selection (AS) based schemes
[5], two source nodes exchange information simultaneough0]-[12]. In particular, the DSTC is implemented in [9]
with the aid of a relay node. Assuming the absence of\gth the cooperation among all antennas. The performance
direct link between the two source nodes, communicatigithieved by the scheme of [9] is further enhanced by the
takes place in two stages: the multiple access (MA) stag& based techniques [10]-[12]. All these AS based schemes
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[10]-[12] use the MaxMin criterion, which maximizes the
quality indicator of the worst link originating from the seted
relay to the two source nodes. The MaxMin criterion is able
to obtain full diversity gain by employing the amplify-and-
forward (AF) relaying protocol to the selected antenna [10]
[11]. The decode-and-forward (DF) protocol is considered
by a opportunistic two-way relaying (O-TR) scheme [12],
which also invokes MaxMin criterion and the resultant SER
performance exhibits full diversity order, although théame

is aided by perfect error-correction-code (ECC). In other
words, the DF protocol in the O-TR scheme is carried out
on the codeword by codeword basis. However, it is observed
that in the absence of ECC, the MaxMin criterion aided DF
protocol no longer guarantees full diversity gain.

Against this background, in this paper we aim to tackle
the problem of full-diversity guaranteed uncoded transioig
where the DF protocol is implemented on the symbol by
symbol basis. We focus on the scenario with (K > 1)
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relays each equipped with an arbitrary number of antennashance the capability of MaxMin-RS on achieving diversity
Hence, the existing scenarios considered in [9]-[15] ase gains in SER performance.
special cases. Intuitively, a natural transmission apgristhe In particular, we provide theoretical analysis to confirra th
straightforward extension of the previous AS based schemgspact of pre-canceling the randomness of the EA on achiev-
which always select a single antenna despite the distobutiable SER performance. The full diversity order property and
of the total relaying antennas mounted éh relay(s). By the achievable SER performance of the proposed scheme are
comparison, instead of simply extending these works, ia thexplicitly analyzed. Our analysis indicates that by exjuhgj
paper we propose a relay selection (RS) based scheme, whidh information embedded in the TWRC'’s phase metric, the
not only gleans full diversity gain from relay selection,t buSER performance can be improved by using the MaxMin-RS
also improves array array power gain by combining signadgproach in uncoded DF based relay networks.
from multiple antennas of the selected relay. Therefore, th The rest of this paper is organized as follows. In Section I,
proposed RS scheme enjoys the advantage of array anfay system model is described. In Section Ill, we present the
power gain over the existing AS based schemes. proposed PR-MaxMin-RS scheme. In Section IV, we provide
More specifically, the key enabler of the proposed R@ore details of the PR based approach, and derive the SER
scheme is a phase rotation (PR) strategy. In general, #ression under certain system configurations. In Sesfion
PR strategy is executed symbol by symbol, which inteng&imerical results are offered to confirm the advantageseof th
to remove the randomness of the phase metric of TWR@roposed scheme and to validate the theoretical analy#ie of
This phase metric is termed effective angle (EA). In outiversity order. Finally, we conclude the paper in Sectidn V
previous work [14], the randomness of EA is shown to Notation For a matrix, (-),()*, and |-|| represent the
degrade the achievable diversity gain in the MA stage. Th®enjugate transpose, transpose, and Frobenius norm of the
proposed scheme in [14] is applicable to either the singteatrix, respectively. For a complex-valued variabf®(-),
multi-antenna relay or the selected single-antenna relagt, 3 (-), |-|, and(-)* denote the real part, the imaginary part, the
it employs a sub-optimal detector specific for the MPSk4bsolute value and the conjugate of the complex-valued vari
modulation. By contrast, in this paper we consider a moeble, respectively. For a sét,| represents the size of this set.
flexible antenna distribution and tackle the EA randomnessV (0, K) denotes a circularly symmetric Gaussian random
problem under arbitrary modulation. Throughout this paperector with mear® and covariance matrikK. A/ (0, 1) denotes
the selected relay employs the optimal maximum likelihooal standard Gaussian distribution. stands for the angle of a
(ML) detector, which is in principle more fundamental thamomplex-valued numbeb,,, y denotes thel x N matrix
the sub-optimal detector proposed in [14]. Furthermore, wehose all entries are zero, aligh « y denotes thé/ x N unit
point out that in the more general scenario considered, thmatrix.E {-} represents the expectation operation with respect
randomness of EA impose an impact on the achievable pgy-its argumentQ (-) is the tail of the probability density
formance in both the MA and BC stages. Correspondingly, mction (PDF) of a standard Gaussian random variable, i.e.
the derivatives of the PR strategy, the PR preprocessing QQ%:) — %ff exp (7 ) d6.
PR beamforming operations are conceived for the MA and
BC stages, respectively. By removing the randomness of EA
in both stages, the PR operations shape the distributioheof t Il SYSTEM MODEL
decision-distances (DDs), i.e., the Euclidean distanetsden A. Channel Model
all desired received signal points, as observed by reiVer We consider the DF based TWRC shown in Fig.1, where
is demonstrated that the stochastic property of reshapesl Do single-antenna source nodgs(i = 1,2) exchange mes-
allows the MaxMin-RS criterion to attain full diversity whe sages with the aid of¢ half-duplex relay nodes denoted as
the DF protocol is executed symbol by symbol. {Rk |k =1,...,K}. The relay nod&;, is equipped WItth
Notice that some existing approaches also process phase of
symbols transmitted in one-way relay system which seerfdtennas, wheré; > 1, fork =1,..., K. Let L = Z L.
a little bit similar to the proposed PR strategy [16]-[18We assume that there is no direct link connectlng the source
However, the full diversity gain achieved by these appreachnodes, while the links between the two source nodes and
is measured by outage capacity. This paper focuses on thkys suffer small-scale fading. Specifically, the linkenf
influence of PR strategy on SER performance. All the diversis; and Se to Ry are characterized by thé, x 1 channel
analysis provided by this paper are in the sense of SER perfeectorsh; and g, respectively. The elements,; and gy
mance rather than outage capacity. This is striking diffeee (I =1,---, L) of the vectorsh;, andg; are independent and
between our work and the other existing paper [16]-[18Hentically distributed’ (0, 1). Phase offsets between carrier
Generally, the diversity analysis method and its resulivedr frequencies employed by the sources &dare absorbed into
from outage capacity are not equivalent to that from SER; andgy;. It is also assumed that the channels are reciprocal
performance. For example, it is demonstrated that acogrdifthis can be true when using time-division duplexing (TDD))
to outage capacity, MaxMin-RS without any preprocessing &nd static during the two transmission stages for trangmitt
capable of obtaining full diversity gain [15]. However, ounumerous data packets consecutively (this is true for block
previous work has shown SER performance does not exhifaitling channels). As a result, a small fraction of time used
any diversity gain by applying MaxMin-RS straightforwaydl for the training symbols of CSI estimation and for feeding
[14]. This paper indeed provides insights into how PR stpateback the estimated CSI may essentially have little impact
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Then,R; generates the NCS by usigic = §1 ® $2,5n¢ €
: S. During the BC stageRjy broadcasts the sign&Xz =
MA Stage 77777777 BC Stag VP wiénc to the sources, wherE, is the broadcast power,
‘ wy IS an Ly x 1 beamforming vector designed to exploit the
} spatial diversity offered by the multiple antennasRyf, and
|
5 eL_L

[wi| = 1.
ﬂ*g\k«—l The signals received by; andS; may be expressed as

ypc1 =V Prhiwidye +na,

/ﬁ,_klr ypo2 = V Prgl Widne + na, 3)

R respectively, where,; andn, are independent Gaussian noises
il following CA (0,02). In order to estimatéxc, S1 and S
employ the following ML detectors

R1

Fig. 1. The TWRC system model considered: only one relaylects and

activated throughout the MA and BC stages.
9 g dne = arg min ‘yBC 1— VvV Phy Wk¢1‘

$1€8
on the achievable transmission rate. At the beginning of the dnea = arg min ‘yBCQ —V/Pg! Wk@ 7 (4)
proposed scheme, one relay is selected to assist the source d2€8

nodes in communication. The RS process can be implemen

by using a distributed mechanism [19], which requires th

relay nodeR; to know only h, and g, rather than the

CSI of the entire network. Generally, the source nodes need

extra feedback information from the relay to preprocess thé&. The SER Bound When Usiig

information. This requirement can be removed under someFor the relayRy, the instantaneous overall SER serves

specific configurations, which will be detailed in the sequelas a relevant performance metric for the RS scheme dis-
We assume that; andS; share the samé/-ary constel- cussed later. Hence, Iet us analyze the instantaneous over-

lation alphabet sef, where|S| = M. For the source;, i = all SER, i.e.,pf?” 2 132 Pr{3 # si|gw, h.}. Accord-

1,2, the modulated symbal € S carrieslog M bits which are jng to [20] we havepl?? < pMA 4 22 pB¢

Sgpectlvely Foi = 1,2, the sources;_; demdes the desired
formation sent bys; according tos; = ch 3—; ® 83_;.

. . . Pk i
st_acked inda x_logM vectorWi.A'I'he symbols; is transmitted \ynere pM 2 Pr{snc # snclge he} and p 71 Iy
with power P; in the form ofz; = /P,u;s;, whereu; denotes pe 3 R h t the SERs at th |
the preprocessing imposed ep and we haveu;| = 1. In ' |9NC: # Snclgk, by, ; represent the S at the relay

addition, we define the mapping function by which WW; and the two s%lgrces respectiV(IaLy Furthermorec again rely
is mapped tos;, i.e., s; = M (W;). Based on all, we define iNg on [20], p*” approachepy* + § 377, pff as the
symbol-level XOR ass; ® s 2 M (M~ (s1) & M~ (s2)), S|gnal -to-noise ratio (SNR) increases. Thus we pg@ +
where® denotes the bitwise XOR operation, and~" is the 3 S.—1 Pr.< to approximate>f2 in the high-SNR scenario.
inverse mapping oft. Then, network coded symbol (NCS)In the sequel, we will analyzef2” by first deriving the SER

is defined agNC £ 5 © s, whose a|phabet is als$. bounds fOI’pMA and pBC Then the relevant performance
metric will be extracted to en3ble the RS methods.

B. DF Based Transmission with an Arbitrary RelRy, We assume that whe(mﬁl, ¢2 ) is transmitted the MUD ob-

We proceed to outline the transmission flow of the DF baséains the estimated/, qb’g) of ¢1 © ¢ # ¢ © ¢, @i, P € S.
TWRC. We consider the communication using an arbitra a
relay Ry as an example. First of all, if pregrocessmg geferrlng 0snc = 51 © 52“ we knﬁw that theBerro& eve%
employed by the sources, the rel&y calculates and feeds \?NC 7 ch}NIci‘omprlses all possible cases. based on this
backu; andus to S, andSs, respectively. The feedback isPPServationp”~ can be given by
assumed to be perfect. Then, the bidirectional transnmissio
will take place in the MA and BC stages. In the MA stagg,4 — p U (517{52) - (5’175’2) g by b
the signals transmitted by the sources are assumed to atrive 0100278, 0%, 6;,0,€S |

Ry simultaneously. The signal vector receivediat is given ) ) . (
by 1Then, the union bound is used to approximp}é” as
Yk = hpx1 4 grae + n, 1) 1
pi < Z e

wheren is an L x 1 complex Gaussian noise vector obeying
CN (0L, x1,0°IL, x1, ). The ML multi-user detector (MUD) is
employed to jointly decode both messages fromi.e.,

100270, Odh, bi,pLES
1(51,52) - (&1&2) denotes the event that whe6$1,$2> is

(81, 82) transmitted,(qz’l, 5’2) is obtained as its estimate.
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Q <\/E|‘gkw (52 _ 5/2) T heuy (51 _ (gfl) H) 6) of the upper bound given in (9) does not impose a negative
2 impact on the achievable diversity performance. The dsasign

S 10 (\/EA (uldl,u2d2)) < @Q (\/E/\LB) . onwuy, uy andwy are based on the PR strategy. As a result,
M 2 M 2 the RS approach specified by (10) is actually the MaxMin-RS

dy,ds)ED
) (7) with respect to channel gains. The PR strategy conceived not
N P . only assists the MaxMin-RS in achieving full diversity, but
where p = 3 is the SNR, D = also allows us to obtain explicit analytical results. Ndyab
{(dh d2) |di = ¢i — ¢i, 1 © P2 # ¢L O ¢, i, ¢ € 5}, our analysis confirms that the proposed scheme obtains full

A(uidy,uads) = ||grueds + hiuids| is the DD in diversity gain, and achieves better array power gain than th
the MA stage, and\.p denotes the lower bound ofexisting schemes.

A (urdy, uads),(d1,d2) € D. The first inequality given in

(6) is based on the union bound whose tightness is well IIl. THE PR AIDED MAXMIN-RS SCHEME

confirmed by [21], while the tightness of the second uUpper |, yig section, we first explain how the PR strategy shapes
bpund in (6) depends on the design ofz, which will be A (urds, urds), |w£hk\2 and\wfgkf in the PR preprocess-
given later. ing stage for the MA stage, and the PR beamforming stage

On_ _the other har_1d, the SER expressions in the B_C Staf% the BC stage, respectively. The two operations Erom\@et
conditioned on the instantaneous channel state are given bc}/esired lower bounds fok (uyds, usds) and |WTh ‘ (and
101, U202 LD

BC / 2 wi \2) respectively. These desired lower bounds reshape
= C C Th > 9 | k gk ’ 1
Pi.1 1Q < 2P ‘W’“ k‘ the upper bound of the instantaneous end-to-end SER
BC _ o o T2 8 in (9), which is optimized relaying on by the RS approach
Pr2 = C1Q ( \/ Cappt (wige|” ). @) of (10) to achieve full diversity order. As a result, the adtu

averaged end-to-end performance is also confirmed to éxhibi
wherep £ %, C1 and C; are constants depending on they|| diversity order.

modulation. Generally\/Cg |wlhy|* and \/02 \wlg|” are

DDs in BC stage. , A. PR strategy
A 1 C ;
) Frgm (6) and (8)py*” < pi" +3 X°;_1 ps is bounded 1y pR preprocessing in the MA stagAssume thaR;, is
[20] by selected. Considering the DDs(u1dy, u2ds), (di,ds) € D,
\2 ) ) which determine’4 of (6), we propose the PR preprocess-
pr P <aQ (\/M min{%, Cop |wlhg|™, Cop |w] gkl }) ., ing to choose:; andus such that a reasonable lower bound on

A (u1dy, uads) is given. More specifically, the motivation of

wherea — % + Oy is a modulation-specific constant. sincdhe PR preprocessing comes from the observation that withou
the accuracy of (8) is ensured by the existing Eerformanegy preprocessing, whef 7 0,dz # 0, A (u1dy, uzds) can

analysis [21], its substitution intof”>” < p}44+2 577 | pf¢ be lower bounded by

d](c)ehs not im%act tge tightne(ss) gfm Id-|encia, ther;cigzmess )\2f (urdy, uadz) = ||grda|” + |hidi|® + 2R {hf gi.d) dou}us }
of the upper bound given in (9) depends only on the design o 2 2 +

Ars. We will propose a preprocessing scheme in Section IT lgrda]l” + [heda]|” + 2 [hil gy dz| cos (£dz — Ly + py)
in order to find a desired;, 5. Upon using the obtained; 5, = 2l/8kdal| [[hxdi || — 2 ||grd2|| [hrdi | [cos (£Zd2 — Zdi + i)
the upper bound given by the right-hand side of (9) exhibits: 2T',.d2% . (1 — |cos (Zdy — Zdy + ¢1)|), (11)

a reasonably small gépespecially in high-SNR region, from .

the actualp”2”. As a beneficial result, the upper bound oWherey; = 4|:%§z\' referred to as the EA dky, is the angle

pi2? in (9) may be used as a relay selection metric fQjetweerh,, andgy, T's 2 min {||hg ||, ||gr]?}, andd,nn is
achieving full diversity gain. . the minimum value of all possible nonzero valuegdf and
More specifically, we propose to select theh relay by |4,|. Note thaty; is uniformly distributed ovef0, 2x]. This
minimizing the upper bound of;’*" which is given by (9). makes/d, — Zd; + ¢, also uniformly distributed. Hence
Then, we have . - " "
there is a nonnegligible probability that the lower bound in
T ‘2} (11) becomes close to 0. This event then dominatgs' is
Wi 8k .
given by (6).

This RS hi imal. B _ b In order to decreasp}’“, we eliminate the randomness of
is approach is not optimal. Because in each instant " qiciously designing; andus, as

the criterion (10) optimizes the upper bound of the SEﬁk
performance, rather than the actual SER performance. The up =exp (j(v+¢r)), ug =1, (12)

| of thi i fi impl imal R . . .
goal of this Paper 1S to |nq a s.|mpe.suboptlma S approa%herej = +/—1, andwv is a constant rotation angle that is
capable of achieving full diversity gain. In the next sectiove o - . :
will designuy, us andwy, in order to ensure that the tightnessspecmed later. For the sake of explicit clarity, the geaimat

' interpretation of this PR preprocessing operation is titated
2Due to page limitations, numerical results illustratingstigap are not 1N Fig. 2. Furthermore, the effect of PR is analytically con-

included in this paper. firmed by the following proposition:

2
e

T
Wi hk
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exp(j, )b, +d.g, simultaneously optimized by a RS approach regarding
3 Correspondingly, bottpy’# in (6) and p/§" in (8) can be
improved by the RS approach. According to this requirement,
we propose a broadcast scheme detailed as follows:

If Ly = 1, there is no need to design the beamform-
ing vector wi. According to (8), for this case, we have

|2} =T} and

dh, +d,
dzgk iy +dy8,

min {‘wzhk‘z , ‘wzgk

prs < C1Q (\/Czpufk) . (14)

wdh, +dg, For the case of; > 2, the PR beamforming weights can be
obtained as
1 . .
Wy = \/; (exp (—jor) ai’ +jai’) (15)

H
where o), = A‘Egifl, q: and q» result from the Gram-
e,

Schmidt orthogonalization that is given by

(d) . .
T T _ 8k —T129]
_ . . o ap = —hg, g ==¥—, (16)
Fig. 2. Subfigures (a) and (b) describe the PR preprocesgiegiion in the 11 799
special case o/d; = Zda = 0. Subfigure (a) illustrates\ (u1d1, uadz)
without any preprocessing in this special case, highlightiow ¢, impacts . . ho,
A(uidy,uads). It is observed from subfigure (b) that ongs, is pre- N Which we havery; = [|hgl|, r2 = ﬁ and ry; =

canceledexp (jox ) hrdi andgyda coincide along the same direction, hence| hilg, . . . .

X (urdy, uady) is improved. Generally, there always exigté, do) € D |8k — Tho|? PF||- The effect of this choice ofw; is given
with Zda—Zd;y # 0, thus bothp,, andZds—Zd; are involved in determining as follows.

A (u1di,u2d2) as shown in subfigure (c). Subfigure (d) illustrates how

A (u1d1, u2dy) is increased by the PR preprocessing in this general cafroposition 2. For the case ofL, > 2, whenwy, is chosen
Subfigure (d) shows the rotation of two angles and v, while the rotation . . Ty |2 T 21 _ 1

of ¢, aims to cope with the angle betwebp andg;,.The rotation ofv on the according to (15), we havein { [wihi|”, [wi gkl } =30k

other hand intends to adjust the influencese; — Zd, on A (u1dy1,u2d2).  Then, a general upper bound pf.c is given by
Finally, comparing subfigures (c) and (d), we see thdt1di, u2dz) is ot
Copp
Pka <C1Q <\/ Trk . (17)
Proposition 1. With the PR preprocessing, we haygp =

increased by the PR preprocessing operation.
O3k |dmin |, .0\ (urdy, usda) = 1/ C3T, |dimin|” for all Proof: Please see Appendix B. ]

(d1,d2) € D. As a resultp}4 is upper bounded as Jointly considering (17) and (14), we can see that a RS
approach relying o', is capable of lowering the upper bound
pMA < CyQ (, [Ecur, |dm,-n|2) , (13) of pf¢. Based on this insight, an RS approach is given as
2 follows.
where Cs = min (1, pmin (v))  With  pmin (V) £
min 2 (1 —|cos (Ld1 — Zd2 +v)]), and Cy = %
(dy,d2)€D ;
B. Relay Selection
Proof: Please see Appendix A. [ ]

As shown in Proposition 15 = min (1, pmin (v)) depends Propositions 1 aqd 2 state .that the upper bgundp@ .
only on v. Hence,v controls the upper bound of}/4. andp;'* are determined by with some modulation-specific
If pmin (v) approachesd), Cs = min (1, pmin (v)) will also ~constants. This insight indicates that usingas the selection
approach0, which may trivialize the upper bound of¥/4 ~ Weight throughout both the MA and BC stages redug§$
given in (13). Therefore, we constrainso thatp,, (v) >0 and pp’#, which in turn improves the overall end-to-end
to avoid the occurrence af; = 0. Note thatv can be easily Performance. Based on this insight, the RS approach in (10)

obtained in an off-line mannér, becomes
2) PR Aided Bidirectional Beamforming in the BC i = arg max T}. (18)
stage: For the BC stage, we would also like to make k=1,...,K

. Ty 12 T 2} . . i
mm{|wk hi[", [wige|"; be determined byl This re SinceT', = min {||h||%,||gx||?}. the proposed criterion in

quirement allowsmin { \w{hkf , \w{gkf} and A%TB to be (18) constitutes a MaxMin optimization problem. Interagty,
we note that the existing MaxMin RS criterion used in single-

3The optimal value ofv can be calculated off-ine byv = antenna relay networks [10]-[15] becomes a special case of
arg max  pmin (V). the proposed general MaxMin criterion.
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IV. DIVERSITY AND SER ANALYSIS OF THE the full diversity gain. In other words, we may haue =
PR-MAXMIN-RS SHEME 1,us = 1, and the full diversity order! = L can still be
Achieving full diversity in the end-to-end SER is the maiguaranteed.

design goal of this paper. In particular;gtpe end-to-end di-  proof: In this scenario, all of., antennas are gathered in
versity order is defined ag = lim — 7575, where P one relay. The transmission in the MA stage is equivalent to
denotes the average overall end to-end SER, and it is ggnerheing happened in & x L MIMO system, where it is well
limited by the worst amond’y4, Ppc,1, and Pgc 2. These known that the ML-based MUD in (2) can obtain full diversity
three constituent error probabilities denote the averdg® Swithout any preprocessing [21] |
achieved by the relay in the MA stage, and by the sougges
andS, in the BC stage, respectively. In this section, we f|rstrOpOSItlon 4. For the scenario employing BPSK modulation

pd arbitrary antenna configurations, there is no need to pre
elaborate on how the proposed scheme achieves full diyersi
rocess the transmitted signal of sources for obtainingftitle

gain. Then, we provides an explicit SER analysis in order f
Iversity gain. In other words, we may haue = 1, us = 1,
further confirm the advantage of the proposed scheme. . . .

thé full diversity orderd = L can still be ensured.

given analytical results are applicable to the generalrarae

configuration. Additionally, we also discuss two speciaas Proof: For BPSK modulation, by enumerating all possible

which exhibit some some interesting properties. cases inD, it is readily observed that there is no element of
{d1 #0, da # 0} belonging toD. In other words,d;dy =

A. Diversity Analysis 0 always holds true, which results in? (uidy, uads) =

In order to present the diversity performance, we firdtg;dol|? + |[h;di][2. Then, A (uidy, uadz) > \/T dmin|”
investigate the upper bound of the end-to-end WE holds in spite of any preprocessing. Following the similar
Based on (17) and (13pF%F = 1322 (pMA4pP¢) is operation on (20), we see thdt= L for BPSK modulation
bounded as even without any preprocessing. [ ]

pF2 < aQ (VBuT%), (19)

where 8 is a constant depending ofi;, C3 and Cy. The B. SER Analysis
averaged SER is In order to further confirm the proposed scheme’s advantage
in terms of array power gain, we present the SER analysis in
Pr=F {pkE?E} <aFE {Q (1 /ﬁul‘,;)} < aE {Q (\/ﬁuf)} this subsection. For simplicity, we focus on the scenariengh
r; 3 . )
1 all K relays are equipped with the same number of antennas,
x —, (20) i.e, Ly =Ly =---Lg = EQ. In order to getPg, we firstly
K note thatPy < Paa + 33 ;_; Ppc,: [20]. Additionally, we
where the second inequality of (20) holds owing to the faglssume thag; and h; foIIow the same distribution, hence
thatl'; > ¢ £ max max min {|hx|?, [gri|*} (Se€ the proof Ppo i = Ppeo. Therefore we obtain

k=1,...,K1=1,...,

in Appendlx C) and the property thhataIE {Q (VBu) } « Pg < Pya+ Pse. (21)

o (see the plroc;f in Appendix C). The nght side of (20) tha js noted thatPy, .4 depends on the particular modulation and
|mpI|esd £ — %82 > [. Due to thea priori knowledge that the corresponding choice ofin the PR preprocessing scheme.
d< L, the resulgtd L is confirmed. Hence, considering the MPAM modulation as an example, we

Remark We have proved that with the aid of the PR strategyrovide the following proposition about the choice wfand
is able to achieve full diversity gain. Furthermore, we wilthe correspondings.

also show in the sequel that without the PR strategy, ﬂll-’eroposmon 5. For MPAM modulation and the PR prepro-
full diversity gain cannot be achieved by only applying th%essmg operation characterized by (12),= Z is the best

MaxMin criterion straightforwardly to the general configuchoice for max|m|z|ng\LB With this particular choice of,
ration (X > 2, non-binary modulation). The performance’y;4 and Pgc,; are given as follows:

enhancement obtained in the former scheme comes from t}geA
fact that the PR preprocessing and PR beamforming opemnon -

s 2 2
guarantee that the full diversity gain is achieved in the MA S L /2 ooy (ABLY o (ddal” Y gy
- . M?2r 4sin?% 0 4sin’0
and BC stages, respectively. (d1,d2)ED(snCHNC)
We also observe that for some special configurations, even (22)

if the PR preprocessing is not invoked, full diversity gaanc
still be achieved in the MA stage. Hence, the PR preprocgssin  pPgc; =

operation and the corresponding overhead spent for feeding (M1 5
backu; can be removed in such scenario. More details can o Jo (smze(MLl)) g, L=1 -
be found in the following two propositions. 2(M-1) (23)

S e fo Py <2293(7”M_1)> dg, L>1
Proposition 3. For the scenario with a single multi-antenna
relay, i.e.,K = 1, and arbitrary modulations, there is no needNhere ¥y, (1) Js the moment generating function (MGF) of
to preprocess the transmitted signal of sources for obtejniv; = 4 ||h; || and the definition ofy., (¢) is ¥., (t) =
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K—-1 K—1 K—_2 K5
Uy (1) = K ( i )(*l)k(]:(t,2k))f2K(K71)Z( A )(71)k(£(t72k+1)72(@%”))
k=0 k=0
where
k VTTL-1 (1\0 E_1+E£:*11jl[ Ly,
F(t, k)= Z (]?)'.Hl:o .(u) ( =0 ) ( 1 ) 1=0
o . Joljal. .. je—1! (£-1) k+1+tu
J05J25---JL-1
j0+j2+...j£,1:k
k I TTE-1 (1)%
£t k)= 3 )M ()"

o ) jolgel. . je—1!
J0yJ25 - JL—1
jo+ g+ ... je—1 =k

1 L—1+27 " 1y

£+Zf;01 g
(m) = (-1 1\ (c+i-1)
T (c 1+ §m>! e ; (2+tu> 0 (24)

> fyu (7) exp (ty) dy, in which £, (v) is the pdf of variable andk = arg max T. Then, we have
0 Y1 Y " p
71, and it is given as (24). k=1 K

. r, >T: 25
Proof: Please see Appendix D. [ | k ="k (25)

Summing up (23) and (22), an upper bound Bf is Which is obtained by invoking
given by (21), whose accuracy will be further confirmed Ly Ly
by the numerical results presented later. From the proof of, = min {[|hy||% [|gx|*} = min{2|hkl|2,2|gkl|2}
Proposition 5, it is noted that the SNiRis always weighted =1 1=1

by ||h||° or ||g||® in the instantaneous SER bound. Tak-

Ly
; 2 21 _ 1
|ng Hh];HQ for eXample, we havq|h];||2 _ Zlﬁzl ‘hkl‘Q, > ;n’lln{|hkl| ﬂ|gkl| } - Fk (26)

wherehy, , hj o, ..., h; . independently follow the identical
distribution. Hence, the fading of channels charactergsed
by hjyshigs- sy o Tespectively are averaged B ||”. 5 _ g f m2E / [a =

0 k20 Tk, e = P <aEqQ Bul'; <aE<Q Bul's | ¢ .
This insight can be applied tH)g,»CH2 similarly. Therefore, an { i } Ty { ( k)} g *
improved array power gain can b2e observgd from the SETFE] ¢ he di ) ) q (27) .
performance achieved becaugh; ||* or ||g;||” collects the TNeN: we focus on the diversity gain and array power gain

path diversity ofZ channels. In addition, since the stochastifeflected by the upper bound if27). Using the method in
distribution of ||hk||2 has been given in Proposition 5, thd22]: the upper bound is approximated as

SER result of Proposition 5 may be readily extended to other ~ ey
P y y Pp < aI;E {Q (w/ﬂurfé)} ~ o (Gep) 7" (28)
k

From (25), the upper bound of the average SER is given by

modulations schemes.

where(G. characterizes the array power gafry denotes the
diversity order. In order to obtain the values@f andG 4, the
C. Array Power Gain Analysis Based on an Upper Bound ﬁﬁo?hastm property df; is investigated. Particularly, noticing
Pg a N Ly
L ) FE: max Zmin{|hkl|2,|gkl|2},
The above SER analysis implies that the proposed scheme AL

enjoys advantages in the achievable array power gain. $n tlfuw can be treated as the received SNR by applying a two-fold

subsection, we provide an asymptotic analysis in Orderlg;é/ersity technique (detailed later) to a refererce I SIMO

understand the achi_evable array power gain inherent in P system, where the destinatio’santennas are divided
proposed scheme. Since the stochastic property of thaeéle(fmo K groups and the:-th group consists of; antennas.
channel is complex, it is difficult to obtain asymptotic risu

of the actual average SER. Alternatively, we opt for relgxinThe two-fold diversity technique is detailed as follcl)ws..
for each value ok, (k = 1,... K), L diversity

the actual average SER to a desired upper bound of thel) Firstly, . . : .
average SER, whose physical significance is very clear. From b_ra_nches are comb_lned using the maximum ratio com-
the asymptotic analysis based on the upper bound, we obtain °MiNg (MRC) techniques. These branches are mutually
further insights into the array power gain and diversityesrolf |nd.ependent', and tgeth ghversny brarjch is charac-
the proposed scheme. For the sake of simple descriptioreof th terized bymin {|hs|*, |9 }. By applying MRC, the
upper bound, we first defin, = >/, min { |hw|?, [gi|* } aggregated channel gain #Zfzﬁ min {|hw |2, gk |2},
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which is able to provide a diversity order 6f;; and
an array power gain ofr. j. 1028
2) Secondly, the aggregated channel obtained from MRC is
then treated as a diversity branch, and skcldiversity
branches are combined using the selection combining
(SC) technique. These branches are mutually indepen-
dent, and thek-th diversity branch is characterized by
\/ngl min {|hx |2, lgr|2}. Finally, after using the two- &
fold diversity technique, the resultant channel gain is

107 ¢

'z, which provides a diversity order @f; and an array 10° . .
power gain ofG.. -0 Analytical AF (6,6)
The two-fold diversity technique is termed as the MRC-SC | | Simualted AF (6,6) k
scheme in our paper. Following the result of [22] (Propositi 1 '_;_’S\:::Lyl;'f:;ﬁ:mx:;iz(a?) of(20)
4), we have - Analytical PR-MaxMin-RS (6,6), cf.(20) ¢
K K _,| =P Simulated PR-MaxMin-RS (6,6) ‘ ‘ ‘
Gd _ Z Gdyk _ Z Lk _ L (29) 10 0 2 4 6 8 S"l\‘OR 12 14 16 18 20
k=1 k=1

[T ; _ ; Fig. 3. The end-to-end SER performance comparison betweeproposed
The Sec.ond equa“ty n (29) is based @B’k = L., .WhICh can -MaxMin-RS scheme and the AF scheme, when BPSK modulasion
be obtained from classical performance analysis of the MRénpioyed.

technique. Again, relying on [22]7. is expressed as

1
K—1 -

oKtz (L4 1)
[, GoiZ (L + 3)

V. NUMERICAL RESULTSAND DISCUSSIONS

In this section, we compare the SER of the proposed
o , PR-MaxMin-RS scheme, the AF based scheme of [11], the
where Z (i) = [, ' "exp(—z)dw, Gey is the armay pjaMin-AS scheme of [13] and the O-TR scheme of [12]

power gain from combiningL, diversity branches using b% computer simulations. In all simulations, the channel co

MRC tecgmiqueg. According to the stochastic properties iciants and noises at each antenna are i.i.d. complesedal
min {[h[? [gu|*} (0= 1,... Ly) and [22],G.x is expressed G4 ssjan random variables with zero mean and unit variance

: (30)

c

as o1 (i.e., 02 = 1). In all given figures, the horizontal axis labeled
oLi—1 Lt (1 +Ly) " by SNR (defined ag’s) indicates the transmit power of the
Ger = i (31) sources. The numerical results of the AF based scheme and
Z (14 L) {46} the O-TR scheme are confirmed by the analytical results given
o . . in[11 12]. Diff I fi i i
Substituting (31) into (30), the array power gaif. is ob- g\s[we]"and [12]. Different relay configurations are consieté

tained. Notice that (ch)_Gd is an upper bound ofPg.
Therefore, in terms of achievable SER performance, usiag tR
proposed scheme in the two-way system is no worse than )
applying the MRC-SC scheme to the reference L SIMO In Fig. 3 and Fig. 4, the SER performance of the pro-
P2P system, where the destinatiodsantennas are divided Posed PR-MaxMin-RS scheme, the O-TR scheme, and the
into K groups. The antenna partition in the latter referen®f scheme is compared using numerical simulations. Three
SIMO system is identical to the antenna distribution amorf@nfigurations are consideredl; = Ly = 4, Ly = Ly = 6

K relays in the former two-way system. The analytical resi"d L1 = L2 = 8, which are denoted as (4,4), (6,6), and (8,8),
of (29) reveals that the diversity order only depends on t@sSpectively. BPSK is emgloyed. Tge value jofs set to 2

total number of antennas. According to (30) and (31), tiich thatCzpmin{\thk- Wik } equals t052. As
array power gain of the proposed scheme comes from twhown in both figures, the three schemes considered achieve
contributing factors: the first one is the MRC-based prdogss full diversity gain in all configurations. Furthermore, the
detailed in 1), and the array power gain offered by this techroposed PR-MaxMin-RS scheme attains significantly higher
nigue benefits from multiple antennas equipped in each.relayray power gains than the AF scheme and the O-TR scheme
The second one is SC-based processing detailed in 2), the 8€- This observation can be explained by the fact that the
based processing technique further strengthens the aovesrp proposed PR-MaxMin-RS scheme fully utilizes all antenmas i
gain obtained from MRC-processing technique according tioe selected relay to combine the signal power throughaut th
(30). And the array power gain offered by this techniqu®lA and BC stages. By contrast, the O-TR and the AF schemes
benefits from applying the proposed MaxMin RS scheme tmly employ one selected antenna among the availaplel,

K multi-antenna relays. Since the proposed scheme at leastennas. This view is also supported by the observatian fro
obtains such two-fold array power gain, the performance Bfg. 3 that the performance gap is enlarged/asand L,

the proposed scheme outperforms the other existing scheniesrease. In addition, the analytical upper bound of the 8ER
which is corroborated by the simulation results provided i(21) is also illustrated . It is seen that when the SNR becomes
Section V given later. high, the upper bound converges to the numerical results.

Two Distributed Multi-Antenna Relays
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107 g~ c < : \ \ \ 10° : : : : . :
S " Analytical O-TR (8,8) = © - Simulation Result for MaxMin-AS
> —8— Simulated O-TR (8,8) ¢ == Analytical Result for MaxMin—-AS
e - - - Analytical PR-MaxMin-RS (8,8), cf.(20) il O Simulation Result for PR-MaxMin-RS
107 N —6— Simulated PR-MaxMin-RS (8,8) i * Simulation Result for TB
1072k = — Analytical Result for PR-MaxMin-RS / TB, cf.(20H
)

~:

TR

% w 10
7]
108} - 459 4 |
10 10° ;I
10’591
10°
-7
10°F 10°9) B
107
10—595
D
10 I I | | | 107 ;
0 1 7 8 9 10 11 0 2 4 6 8 10 12 14 16 18

Fig. 4. The end-to-end SER performance comparison betweeproposed Fig. 5. The end-to-end SER performance comparison betweeproposed
PR-MaxMin-RS scheme and the O-TR scheme, when BPSK moolulégi PR-MaxMin-RS scheme, the MaxMin-AS scheme and the TB schéane
employed. the cases o = 1, L = 3,6, when BPSK modulation is employed.

B. A Single Relay with Multiple Antennas

—O— MaxMin-RS (L

. i . i —8— MaxMin-RS (L:
In Fig. 5, we consider the centralized scenario where all (
(

relaying antennas are gathered in a single relay. The MaxMin
AS scheme and the transmission beamforming (TB) scheme of
[13] are compared with the proposed PR-MaxMin-RS scheme. 42
According to Proposition 3, the PR preprocessing operation
are removed. Hence, the corresponding overhead is avaided i ,
the proposed PR-MaxMin-RS scheme. As shown in Fig.5, the 8 '° |
TB scheme and the proposed PR-MaxMin-RS scheme achieve
the similar performance, which is confirmed by the analyt-  10*
ical result as well. Moreover, the numerical and analytical
SER results of the MaxMin-AS scheme are also illustrated
in Fig. 5. We can see that the proposed PR-MaxMin-RS
scheme achieves higher array power gain than the MaxMin-
AS scheme. This performance gap arises from the fact that the 1%,
MaxMin-AS scheme only exploits the channel associated with SNR

one antenna in the BC stage, while the proposed PR-MaxMin- _

RS scheme combines the transmitted power of all antennas EQ(&&XLTg_Sgdggﬁeeﬁ?eiEE 3?;3L??@Z?dcﬁﬂﬁﬁﬁ'ﬁ?ﬁsbim@fﬁﬁd

the sources. preprocessing, and the AF scheme, wh€én= L = 4,8, and 4PAM is
employed.

= = = Analytical AF
= © - Simulated AF
** Analytical AF (L=8)
", O Simulated AF (L=8)
=¥ Simulated PR-MaxMin-RS (L
= = = Analytical PR-MaxMin-RS (L 20
—— simulated PR-MaxMin-RS (L
' Analytical PR-MaxMin-RS (L=8), cf.(20)

10

4), f

4)
)
8

10k

C. Multiple Distributed Single-Antenna Relays

In Fig. 6, we compare the SER performance of the considehieves better performance than the AF scheme. This can be
ered schemes in the configurations where there are 4 andxplained by the fact that in the AF scheme, the selecteg rela
single-antenna relays. 4PAM modulation is employed aigl forwards the desired signal together with the undesiredenoi
set to 1. We consider the proposed PR-MaxMin-RS schenteit the proposed PR-MaxMin-RS scheme only broadcasts the
the AF based scheme and the straightforward MaxMin-Rtended signal. In addition, we observe that the analltica
scheme dispensing with any PR preprocessing. Two confER given by (21) converges to the numerical results in the
urations, i.e.,L. = 4 and L. = 8 are examined. It is observedhigh-SNR region. In summary, although the proposed RS
that the proposed PR-MaxMin-RS scheme achieves the fatheme optimizes the upper bound of the instantaneous SER,
diversity order of L. This is consistent with our analyticalas shown in (9), rather than the actual SER, the numerical
result given in Section IV. Nevertheless, it is obvious ttheg results have shown that the average SER performance exhibit
straightforward MaxMin-RS scheme fails to achieve the fuflull diversity gain as well as better array power gain than
diversity. This observation shows that the PR preprocgssiexisting schemes. The numerical results also corrobomate o
operation is critical for the MaxMin-RS scheme to achievanalytical results, demonstrating that the upper boundsi® S
full diversity. Furthermore, the PR-MaxMin-RS scheme alsgiven by (9) is suitable and the tightness of the upper bound
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Fsa - = = Analytical Result for AF

NN - ¢ - Simulation Result for AF
Analytical Result for PR-MaxMin-RS, cf.(20
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Fig. 7. The end-to-end SER performance comparison betweeproposed Fig. 8. The end-to-end SER performance of PR-MaxMin-RS rsehender
PR-MaxMin-RS scheme, the O-TR scheme, and the AF schemeevithe=  different levels of channel estimation error, whEh= L = 2, and QPSK is
L =4, and BPSK is employed. employed.

does not impose a negative impact on the full diversity gathe RS process. The channel estimation error is modeled as
and array power gain achieved. an complex-valued additive white Gaussian noise (AWGN)
Fig. 7 provides the SER comparison between the propodeaving a variancey®>. This AWGN is added to the instan-
PR-MaxMin-RS scheme, the O-TR scheme of [12] and the ABneous channel coefficient and affects the RS performance
scheme of [11], when BPSK modulation instead of 4PAM i3]. More specifically, Fig. 8 shows the SER performance of
employed. This figure shows that the proposed PR-MaxMithe proposed PR-MaxMin-RS scheme under different levels
RS scheme achieves better performance than the AF scheafehannel estimation error indicated by = 0.1, 0.5, 0.01, 0.
but is inferior to the O-TR scheme by no more than 1dB. WEhe simulation employs QPSK modulation and two single-
point out that the NCS is assumed to be accurately knowntenna relays. It is observed from Fig. 8 that when the
by relays in the O-TR scheme. By contrast, in the proposetiannel estimation error is seriou¥’ (= 0.1,0.5), the SER
PR-MaxMin-RS scheme, the relays do not need to know tperformance of our proposed scheme is significantly degrad-
accurate NCS. Compared with the PR-MaxMin-RS schend, which also indicates a deteriorated achievable diyersi
the O-TR scheme assumes that more knowledge about gaén. As the channel estimation error increases, the SER
NCS is available to the relays. Therefore, under this caolit performance degradation consistently becomes strongéhw
it is reasonable for the O-TR to obtain better performanaa thyields a loss of the achievable diversity gain at high SNRs. O
the PR-MaxMin-RS scheme. Moreover, in the O-TR schentke other hand, when the channel estimation error is atietia
all relays need to decode their received signals in the M@ 4> = 0.01, the achievable SER performance and the
stagé, by comparison, such requirement is removed in trerresponding diversity gain of our proposed scheme aseclo
PR-MaxMin-RS scheme. On the other hand, we acknowledigethose of the perfect CSI scenario. This observation tsvea
that our proposed scheme requires CSI feedback, while thet@at our proposed scheme is sensitive to the serious chan-
TR scheme does not need. Consequently, our proposed scheaieestimation error. Therefore, a high-performance cehnn
is not well suitable for the fast-varying fading scenaridyere estimation algorithm is required to make the proposed sehem
the channels only keep static during a small number of symbubdrk effectively. Alternatively, it also implies that deeging
durations. In principle, the CSI feedback may be employgdbust RS methods which are insensitive to channel estmati
frequently as the channel varies. However, the overheaid cegor is of great importance in the future work.
for CSI feedback is no longer negligible in this scenario. It

is important to relax or remove the CSI feedback constraint, VI. CONCLUSIONS

which will be studied in our future work. This paper investigated a family of PR strategies that
facilitate the MaxMin-RS criterion to achieve full divengi

D. Impact of Channel Estimation Error in DF aided TWR systems. Specifically, when the sources

atcrﬁnsmit to the selected relay, they rotate the transmitted
cgnstellation symbols according to the phases of the select
idirectional channels. When the relay broadcasts thed#zto
S, the PR strategy is employed again so that the NCS is
4Comparing the decoded result with the known NCS, each refegls Fotated corresponding to the phases of the broadcast channe
whether itself should be selected in the BC stage. By judiciously using the PR strategy in both of the the

Finally, although our analysis focuses on an RS appro
under the assumption of perfect channel knowledge, in Fig
we also show the impact of imperfect CSI encountered durii
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two aforementioned phases, the system eventually achiewdere the second equality follows by usihg = r11qf given
full diversity in terms of the end-to-end SER. Additionallyin (36), and the last equality follows by employingql’ = 0.

we show by both numerical and analytical results that th&ence, as shown in (§)7{ is given by

proposed PR-MaxMin-RS schemes outperforms other existing e e
relaying schemes under a variety of relay configurationeént pr¢ = C1Q ( %mﬁ) @ aiQ (1/ % |th|2> )
considered TWR system. (39)

where the equality (a) follows by exploiting the fact that
||hg||? = 7%, as given by (37). Similarly, the received signal
of Sy becomes

APPENDIXA
THE PROOF OFPROPOSITION1

Proof: Depending on the value of (di,ds), o
A2 (uydy,uady) has two kinds of lower bounds. In the¥BC.2 = V Ergi Widne +

case ofd; # 0 andds # 0, P, ) . .
, ) =\ (r12q1 + 72292) (GXP (—Jek) q{{ +qu) SNc + 11
A (urdy, uadz) = [|gruads + hyuids||

. . * P, . ) .
= ||8k01 ka2 exXp (JU) €Xp (JPk) B Nrdoay =1/ = (ri2exp(—J)¥k Jr22)SNC T+ N1
Ik |® + [hadal|” + 2 {exp (jv) exp (jior) gt hadad: } - (2 exp (—jipr) + jraz) Snc +
= |lgrd1||* + |[hrda||” + 2 |gf hydyds | cos (£dy — Zda + v) 2 o
> 2||gkda | [heda | — 2 grda | [ x|l |cos (Zdy — Zdy +v)| =\ 5 (rzl +re2) S+ m (40)
> Tyd,, 2 (1 — |cos (Ldy — Zdy + v))), (32) where the second equality follows by usigg = r12q7 +
o(v,di,ds) rooqs as given in(36), and the last equality follows by =
. ; . /28 — /p Then, we have
where the third equality holds owing to bg/h, = [h{ g ' '

pending onv for givend; andds.
On the other hand, for the casdd; = 0,ds # 0} and

{dy # 0,ds = 0}, we have —1Q <\/szpu e +r§2)> — 10 < /CQQPH Ing|2> 7
2

M (urdy, uady) > Tpd? .. (33)

H ; i
|gf hy| exp (—jr). Note thatp (v,dy,ds) is a constant de- e
prz =C1Q \/ P (Irazl + jr22)2) (41)

. where the second equality is based on the factithats real-
Combining (3_2) _and (33), a general lower bound ofgued and the last equality results fraihgy||? = |r12? +
A(urdy, ugdy) is given by Ira2|2 as given in (37). Combining (39), (41) and (14), we

obtain the general upper bound fof¢ as stated in (17).m
{\/degnin’ \/p (d17 d27U) de%nin} g pp 0572 ( )

A (uldl, U2d2) 2 min

(d1,d2)eD
(34) APPENDIXC
THE PROOF 0F20)
— 2
=\ Cslwdpyin, (35) Proof: First, let us provd’; > £. Note that
where the last equality holds due €& = min(l,pmin (v_)) I;= max Iy = max min{||hg| |||} (42)
and puin (V) = y Hdligl P (dy,d2,v). Substituting (34) into b=l K k=1, K
1,d2)€ ~
(6), (13) is obtained. Hence, the proof of Proposition 1 #&0r anyk € {1,... K'}, we have
established. ] L
T >Tp > min{|hy*, g5} = min {|hg?, lggil*} = &
APPENDIXB =1
THE PROOF OFPROPOSITION2 ; ; ; ; (43)
where the second inequality follows by invoking
Proof: According to (16), we also have L L
hk = Tllq?, gk :7"12(1,{4»7"22(1%1. (36) ch :min{thqHQngEHQ} :min{2|hﬁllgvzlgﬁl|2}
=1 =1
and L;
[hel[? = iy, llgel[? = [rial® + 72, (37) >3 min {Jhg % lonl?} . (44)
Based on above properties bf,, g, andwy, the impact of =1
the PR beamforming scheme @if{’ is revealed as follows. Let (7@ i) N in {|ua? 2 (45)
Firstly, S; receives the signajzc,; in form of (3) as )T e ol lgnal"s
ypoa = vV Phiwiine +m Then, (44) implies thaf';, > ¢ £ min {|h;;|?, |g;;]* }. Next,

P, _ b we consider the stochastic property ofAccording to (45),
= \/;7“11(11 (exp(—jer)ar’ +Jaz' ) Sne +m the /th antenna in thé:th relay is just the selection result of

iz the MaxMin-AS scheme of [13] applied to all the relaying
- \/;7"11 exp (—jor) Sne + na, (38) antennas. It is given in [13] thaﬂEE {Q (VBré) } ;%L ]
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APPENDIXD where F,, (2) i1?}, and
THE PROOF OFPROPOSITIONS Fras (2) is the cdf ofmax {||h;||?,||g;[*}. From [21], we
Proof: We rewrite (32) as have

on K
Froin(2)=11- <exp Z ﬁz ) . (52)
(46)

where Zd; and Zd, equal either0 or = when MPAM is On the other hand Fonae (2) _
employed. Ifv is set to Z, |cos(ZLd; — 4d2+v)| is 0. 9 ' maz

Correspondmglyp(U,dl,dﬁ Pr {max {||hg|%, llg;[*} < 2} . In order to getFmM( )
value of2. The lower bound of\ (u3d, uads) in (32) is thus

A2 (urdy, ugda) = Tildmin|* 2 (1 — | cos (Zdy — Zda +v) |),

p(v,d1,d2)

maximized. Furthermore, by substituting= 7 into (32), the follows:
average SER in the MA stage becomes {maX{Hh 1% lgall?} < 2}
1 _ 2 2y o
Puya = Z W&]Ehﬂ {Q <\/g (Hgfgd1||2 + Hhkd2”2))}~ k_ {thekthrelay1sselected,max{||hk|\ s lekll } < z}
(d1.d2)€D k% a7 = {Uk max {|hx 1%, |lge|* } , max {|hg %, lgel*} < 2}
(47) k= (53)
Wi fir resh h m
e st eshape | the whereu;, = max min {|hy ||, || [|*}. Then,
5 @ (VE (ol + IngasP)) | in (47) as follows: Kk
Bk
. Frnaz (2) = Pr {max {||h; %, [lgz||”} <z}
@ (/4 Gesal? + Imgan?)) | x
&by, { 2 (e el = > Pr{ux < max {|[hy|?, |lgel*} , max {||he|®, lgxl*} < 2}
3 L (|lgpdall?® + |hyda]? k=1
_ & {;/zexp<2(|gk oA + g 1”>>d9} <
gphe | T Jo sin = / Pr {u, < ||hel? < z,ue < |lgell® < zlun} £ (ue) dug
1% llda1? [ d2]? k=170
= — 4
71'/0 Y (4sin29 V2 4sin® 6 d0 (48) z £-1

2
1

=K ex Z2—ex u) du
where,, (t) and ww (t) denote the MGF ofy; = yu|h; /0 ( p( Z I p( )l i nt > f o)
and v, = respectively. The second equality is (54)
established on the fact that; and h; are independently o )
conditioned onk and thatg; andh; have the same distri- where the last equality is based on the fact tfiaf[|* and
bution, ¢, () = 1, (t). On the Sther hand. in this case)|&x/* independently follow Gamma distribution conditioned

the Se|ected re|ay has only one antenna. Hergg; is on k. Due to the symmetry, the pdf (Probability Distribution
broadcasted straightforwardly. As a resutzc,; is given by Function) of u, is identical for all k, we thus remove the

- subscript off (uy) to arrive at the last equality. Note thay,
Ppos = E {2(M Do /6|]\‘21§|| pp } can be interpreted as the maximumiafn {||hy||%, [|g/|? }

hy Mm among K — 1 values. The pdf ofu;, can be given by the

2(M—1) [} P~ derivative. of Fin (_z) while replacing K with K_—_ 1. Based_

v / Py, (m) do. (49) on these intermediate results by a few much trivial and teslio
0 calculations, the expression af,, (t) in (24) is obtained.

In order to getP’y;4 and Ppc.1, we focus ony,, (¢) in what with this expression ofis, (t), we complete the proof of
follows. First, We compute the cdf (Cumulatlve Distributio Proposition 5. -
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