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Abstract— A novel power- and bandwidth-efficient Turbo Trellis Coded
Modulation (TTCM) assisted Space Division Multiple Access(SDMA)
based two-way relaying scheme is proposed. The scheme adated was
designed for enhancing the throughput, reliability and coerage area in a
cooperative communication system. A twin-antenna Relay Nie (RN) is
employed for assisting a pair of users, where each user is efpped with
a single-antenna mobile unit. During the first transmissionperiod, both
users transmit their TTCM-encoded signals to the RN. The twi-antenna
RN then detects these signals using various SDMA-based deten
algorithms. Iterative SDMA and TTCM detection is invoked at the RN,
which then broadcasts the re-encoded TTCM signals to both &ss during
the second transmission period. Finally, each user retri@s the opposite
user’s signals received from the RN. Our proposed scheme querforms
the non-cooperative TTCM scheme by approximately 4.7 dBs & BER of
10~6, when communicating over uncorrelated Rayleigh fading chanels.

Index Terms— Turbo Trellis Coded Modulation (TTCM), Space Di-
vision Multiple Access (SDMA), two-way relaying, Multi-User Detec-
tor (MUD), power sharing.

Turbo Trellis Coded Modulation (TTCM) [1] is a joint coding
and modulation scheme that has a structure similar to binabo
codes [2], [3], where two identical parallel-concatenaféetllis
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are the Decode-and-Forward (DF) and Amplify-and-Forwaké)(
schemes [8], [12]. More explicitly, the attractive two-waglaying
scheme of [11] assists a pair of MSs to exchange their signals
with the aid of either a single or several Relay Nodes (RNhaisi
two transmission periods. The two-way relaying protocohsifor
improving the power efficiency, achievable rate and thrgugh

Against this background, in this contribution, we considenew
TTCM-aided SDMA-based two-way relaying scheme constitiig
a pair of users, as well as a RN. Both users transmit simutssig
to the RN during the first transmission period. Then, the Rbbdes
and forwards the received superposed messages to both Mg du
the second transmission period. More specifically, we Bepa
TTCM-aided SDMA-based two-way relaying scheme, where each
MS is equipped with a single UL transmit antenna, while the iRN
equipped with two antennas. Two beneficial methods are greglo
for creating the bit sequence before TTCM-encoding at the RN
Finally, a power-sharing technique is employed for apphoag the
achievable throughput and for reducing the overall trahgmiver.

The paper is organized as follows. The system model and our
novel TTCM-aided SDMA-based two-way relaying structure ar
described in Section Il. The performance of the scheme ikiated
in Section Ill. Finally, our conclusions are presented ict®a 1V.

Coded Modulation (TCM) [4] schemes are employed as comgonen

codes. The TTCM schemes in [1] were designed based on thehsear

for the best component TCM codes using the so-called ‘puedtu
minimal distance criterion for communicating over the Addi
White Gaussian Noise (AWGN) channel. Recently, various MTC
schemes were designed in [5] with the aid of Extrinsic Infation
Transfer (EXIT) charts [6], [7] and union bounds for appiuag the
capacity of the Rayleigh fading channel.

Space Division Multiple Access (SDMA) is a bandwidth effiuie
scheme, which relies on the Multi-Input-Multi-Output (MD) de-
sign philosophy. Explicitly, the transmitted signal bfsimultaneous
up-link (UL) Mobile Stations (MS) is received within the sam
frequency band and differentiated purely by their Channgbulse

Response (CIR). Each MS is equipped with a single transrmitt&

Il. SYSTEM MODEL

dsys,

Fig. 1. Schematic of a two-way relay aided system, whgrés the first
transmission period andy is the second transmission period,; is the
eographical distance between nadand nodé. G, is the geometrical-gain

antenna and their signals are received by thealifferent receiver petween node and nodeb. _ ) o
antennas of the Base Station (BS) [8]. Again, at the BS thé ind The schematic of a two-way relaying scheme is shown in Fig. 1.

vidual UL signals are separated with the aid of their uniqueer-
specific spatial signature constituted by their CIRs, witiiakie to be
accurately estimated [8].

A TTCM-aided SDMA OFDM system was studied in [8], [9].
We have investigated a variety of SDMA-based Multi-User d2et
tors (MUD) [10], namely the Zero Forcing (ZF), the Minimum
Mean-Square Error (MMSE), the Interference Cancellati@) and
Maximum Likelihood (ML) MUDs. The ML MUD provides the best
performance at the cost of the highest complexity. By cattréne
ZF and MMSE MUDs have a poorer performance, but impose
lower complexity. Furthermore, the TTCM-assisted IC agement
was found to give a better performance than that of the MMSEDMU

Relay-assisted cooperative communication schemes havegre-
posed in [11]. The most popular cooperative communicatiotogols
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During the first time slot, both users transmit their infotioa
simultaneously to a RN. Then the RN decodes and forwards the
received message back to the two users during the second time
slot [13]-[15]. Hence, the overall system throughput ishieigthan

that of a one-way relaying scheme, which requires two tinoéssio
transmit one user’s information.

A. System Structure

The general schematic of the TTCM-aided SDMA-based Source-
t8—ReIay (SR) model is shown in Fig. 2. Note that we have opted
for TTCM to assist the SDMA system, since the TTCM-SDMA
scheme was found to be the best arrangement from a range ed cod
modulation aided SDMA schemes [9].

As shown in Fig. 2, the information bit sequendasand b, are
encoded by the TTCM encoders of M8nd MS, respectively. The
two TTCM codewordsc; and c. are then fed into a virtual MIMO



MIMO Mapper T Source nodes two-antenna aided RN. Note that we have incorporated theceetd
by o TTCM Lt | Mappe pathloss-induced geometrical-gain [12], [16], [17] aneé transmit
Encoder ‘ 3 Z power factor in the channel matrix of Eq. (1). Hence, the clean
‘ matrix between the two users and the two-antenna aided RNbeay
by —) TTCM | Mappe! I written as:
Encoder
Relay node H _ \V Gslr'l \V PT,sl hslr'l \V ngrl \V PT,Sz hsgr'l ,
by - TTCM : Demappez, ‘ T \Y G817‘2 vV PT,sl h81T2 vV ngrz RV4 PT,sz h52r2
Decode ‘ oD ‘ é where the subscript; denotes theth receive antenna of the RN and
. : ‘ the subscripts; denotes thgth transmit antenna of the virtual two-
b | ;TC“Z | Pemappe T antenna-aided SN, namely of tlin user. Furthermore, we denote the
ecode

e — geometrical-gain between antennand antenné asG,y, while Pr o
MIMO Detection represents the power transmitted from antearend h,; represents

Fig. 2. The schematic of the Source Node (SN) to RN model. the CIR coefficient between antennzand antenna.
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3 The MMSE, ZF and IC MUD based SDMA schemes require at
! least the same number of receiver antennas as that of thanrtitan
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2 —=| Methods
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antennas [18]. We considered the MMSE, ZF, IC and ML MUDs in
the SR link. However, only the ML MUD is used in the RD link,
because there is only a single receive antenna at each DNvdigat
************************* ‘ matrix of the ZF MUD is defined as :

Detect one user
Wy = HHH™)™", (2)

by <«—1—f TTCM
Decode

A

Fig. 3. The schematic of the RN to Destination Node (DN) mdded block

P/S denotes the paralle! to serial converter. where H¥ is the Hermitian transpose of the channel matrix. The

o . . ZF-detected signal can be expressed as [9]:
mapper for transmission to the RN. Again, at the RN we condale

MUDs, namely the ML, MMSE, ZF and IC MUDs. The estimated Zaf = WZ’}[Y
information sequencds andb. are obtained by the TTCM decoders. — WZHf’(HX +n)
As shown in Fig. 3, we consider two methods for combining the _ (HHH)—lHHHX 4 (HHH)leHn

estimated information sequencés and b, into bs. The RN can Hooe 1
concatenate the two decoda@ibit sequences into2V-bit sequence, X+(H"H) H'n. 3)
i.e. we haveb; = [b1 bs]. Alternatively, the RN may combine the two gy contrast, the weight matrix of the MMSE MUD is given by [9] :
sequences into anothéy¥-bit sequence using modulo-two addition,

i.e. we havebs = by @by, whered is an element-by-element modulo- Wmmse = H(HH" + Nolp)™", 4)
two addition operatqr: Hovyever, the ovgrall .system thrqughof wherelp is a (P x P)-element matrix having ones on its diagonal.
the modulq-two addition aided method IS hlgher than thathef t ;o explicitly, the MMSE-detected signal can be written as
concatenation method. The combined sequésds TTCM-encoded

and broadcast from the RN to the two MSs during the second time Zmmse = Whmsd

slot. This is similar to an SDMA system using two transmitesmtas = (H"H+ NoIp) 'HPHX

and one receive antenna. Each MS then detects the signaltfrem H 1 H

opposite MS based on the TTCM-decoded sequémcéor example, + (HH+ Nolp) "H'n . ®)
at the receiver of M§ the information sequence of MSb1, can be  Furthermore, the ML MUD is a non-linear detector, which isimgal
retrieved from the first part dfs, if the concatenation method is usedin terms of minimizing the symbol error probability, whenl al
Alternatively, it can be retrieved fromy = b, @bs if the modulo-two possible vectors are equally likely [19]. However, all pbks ML
addition method is employed, whebe is known at the receiver of combinations of the transmitted symbols have to be consitier a

MS,. ML detector, wherel/ is the number of constellation points afds
the number of transmit antennas. By contrast, the ZF, MMSEI&@n
B. SOMA Channel Model MUDs only have to consideld combinations for each. As seen from

) ] Eqg. (5), the BER performance of the MMSE MUD is influenced by

The received signal of an SDMA system supportingisers, each the interference introduced by the mat(MHH+ NO[P)leHH’
is equipped with a single-antenna unit, and a BS receiveippad  \yhich is non-diagonal. We advocated a low-complexity MMSised
with P antennas can be represented by [8], [9]: IC MUD for improving the system performance by removing tfife o

Y =HX +n, (1) diagonal elements in the " H + Nolp) ™' H" H matrix.

It is clear from Eq. (3) that no residual interference pésséfter
ZF MUD. However, some residual interference still contaaas
the MMSE detected signal, as shown in Eq. (5). Our IC scheme is
described as follows. We assume that 4PSK modulation is@reg)
where we haveM = 4. The soft estimate of a 4PSK symbol was
formulated as:

where the received signal is & (x 1)-dimensional vectory =
[yo,y1,--- ,yp—1]". Still referring to Eq. (1), the transmitted signal
is an (L x 1)-dimensional vectorX = [zo,z1,--- ,zr_1]7 and
n = [no,n1,--- ,np—1]7 is a (P x 1)-dimensional Gaussian noise
vector, which has a zero mean and a noise varianc&of2 per
dimension.

H (] . .
We consider a two-user SDI\./IA.scheme, where the two .MSs are i = Z Pr(z)z® 6)
considered to be a two-transmitteirtual SN. We also consider a o



wherez(?) is theith symbol in the 4PSK constellation aré} ((")  transmitter node: can be computed as:

is the probability ofz(?). More specifically, from Eq. (5) the MMSE- Ny —Na 2 2
detected signal can be written in a matrix format as: PraB{|Gas|} 2ot Z%:l Eflhoia, "} Blwa, '}

TR

No Nb Na
21| |0 ¢ T w o ni Pt,aGab

R R e ] . @

o <] . . w o] . " where N, and N, are the number of antennas at nddand node
Whereiﬁ‘ ,J is the WmmseH term and Lﬂ 1/,] is the Wmmse 4, respectively. Furthermorey,, is the symbol transmitted from
term. The resultant noise variance4n is given by: the jth antenna of node, hs,q; is the channel coefficient from
) ) antennaa; to antennab;, P. . is the power transmitted from node

var(wni + gnz) = |w|"No + |o|"No a and the expected values are given by|/E...|°} = 1 and

= (Jw|* + |o*)No, (8) E{|za,|*} = 1. We define the terntransmit SNR ? as the ratio of

. . ) ) ) ) the power transmitted from nodeto the noise power encountered
where Ny /2 is the original noise variance per dimension. We cag; the receiver of nodé as:

detect the signal received from M3y removing the interference P
t,a

from MS; based on Eq. (7), as follows: o= N (14)
Z1 = 21 —sx2 Hence, the relationship betweer and~r can be shown to be:
= omtwmonz. ®) TR = Yr Gab (15)
Similarly, the signal received from MScan be detected as: which is also given by
Zo = 29— LT1 Tr = TYr+10log,,(Gas) [dB], (16)
= KT twm +yYns . (0)  whereTr = 101og;,(vx) and Y1 = 10log,o(v7). Let us denote

Then, %, and %, of Egs. (9) and (10) can be fed into the corretn® transmit SNR of M§ MS; and the RN asyr.s,, vr.s, and

sponding TTCM decoder for detecting the correspondingrinégion 7. respectively. We jointly consider the two users as a singte
transmitter SN during the first time slot and the RN is locaaethe

sequences. ’ :
mid-point between the two users. Hence, the power transtnftom
both MSs is considered to be equal, hg.s = yr,s;, = Y7,55- The

D. Optimum Power Sharing Between the SN and RN average transmit SNR of the system can be computed as:

The employment _of an appropriate_ power sharing technique is qp = V1 ¥ 1 , (17)

proposed for apportioning the transmit power between theaStl v 2 v

RN. This will allow us to reduce the overall transmission pow 10 16" + 10 -

required in the two-way cooperative relaying scheme. Thisigc- = 2 ’ (18)

essary, because the SR and the RD links require differeefve®t |\ hare we havers,, = 10log,o(v,.,) and T, = 101og,o(v1.,)-

SNRs for achieving the same BER. The reason behind this ts thg, proposed power sharing method is provided to minimize th

the two-antenna virtual user at the SN and the RN constitatesovera” transmit power, while ensuring that both the RN el DN

(2 x 2)-element MIMO scheme, which requires a lower SNR, i.&;mitaneously achieve a bit error ratio (BER)18f© at the lowest

a lower transmit power than the2 x 1)-element RD link. Hence ,,qqiple transmit SNR. More specifically, we first find theeiee
appropriately sharing the total transmit power betweemtladiows SNR required for the SR link, namely z.. = 10log;o (7., ), and

us to reduce the overall power required. Naturally, in a fat ot of the RD link, namelyC' . = 101og,(v5.,), for achieving a
system an appropriately designed agile SR power-contt@rae is gER of 10~ The difference between these receive SNRs is given
required for maintaining the optimum sharing of the trarigmower by:

between the SN and RN. We consider a free-space path-lossl.mod

The corresponding reduced-pathloss-induced geomegitab [12], Tra =Yg+ —Tr;s [dB], (19)
[16], [17] between M$ and the RN as well as between the RN an

. 9vhereT =101 . It can be shown that the transmit
MS, are given by: R.A 0810(Yr,a)

SNR at the SN is given by:

Gsyr = (M)2 (11) __Zr (20)
s dslr ’ Vs 1 + YR,A ’
and Similarly, the transmit SNR at the RN can be formulated as:
dsysy | _ Nramra
Groy = (ﬁ) 7 (12) T T yra &0
TSQ

respectively, wherel,, denotes the geometrical distance between MOreover, .the.overall'system throughputof our two-way relay-
nodea and nodeb. If the RN is located at the mid-point between"d Scheme is given by:

MS; and MS, then we haveZ,, » = Grs, = 4. ¢ LI

The average received Signal to Noise power Ratio (SNR) per- ~ Ni+ N2’
user per-receive antenfiaat the receiver nodé with respect to the whereN; denotes the number of symbol periods during the first time
slot, N> is the number of modulated symbols transmitted from the
1We introduced the terminology of per-user, per-receivermma SNR for
the sake of a fair comparison of the different scenarios idensd and to 2Although the concept of transmit SNR [16] is unconventioimcause it
emphasize the fact that these results may be applicableher otlaying relates the transmit power to the noise power at the receivieich are at
scenarios. physically different locations, it is convenient for oursdiissions.

(22)



RN during the second time slak, = 2 denotes the number of usersthe second time slot is shown in Fig. 5. When the concatematio
while I, is the number of information bits transmitted per user withimethod of Section II-A is employed, the total nhumber of 4PSK
a duration of (V1 + Na). modulated symbols transmitted from the RN2i400. By contrast,
when the modulo-two addition method of Section 1I-A is enygld,
we have1200 symbols. However, due to the employment of two
transmit antennas at the RN, the total transmission pesogivien

Ill. PERFORMANCEEVALUATION

. by N» = 1200 or N» = 600 symbols, depending on whether
10 MMSE —a 7 ] the concatenation or the modulo-two addition method is eysal,
MMSE(S) —3— respectively. As shown in Eq. (22), the overall system thhput
107 s . ZF o I of the scheme employing the concatenation methogis= 1 bit-
per-second (bps). By contrast, that of the scheme using tdulo-
102 W two addition method is given by¥s; = 1.33 bps, because we
. have I, = 1200 information bits transmitted per user. Based on
& 102 % Fig. 4 and Fig. 5, the differences between these receivedsSN&
@ *\ shown in Table I. Fig. 6 portrays the BER versus transmittBliR S
\ X
10 \ b Method Outer iteration| ML | MMSE | IC ZF
X Concatenation 0 7.38 4.50 5.89 [ 3.10
10% . 1 5.45 2.66 3.85| 1.25
2 5.03 3.33 352 | 1.12
w 3 5.03 3.33 352 | 1.12
106 AN e Modulo-two 0 762 492 | 612 354
3 4 5 6 7 8 9 addition 1 5.78 3.12 4.14 | 1.53
SNRg[dB] 2 3.35 2.69 3.70 | 1.19
Fig. 4. BER versus received SNR per-user per-receiver aatperformance s 335 269 370 119
of various 4PSK-TTCM-aided SDMA schemes employing ML, MMSE TABLE |

and ZF MUDs in the SR link. The TTCM decoder employs 4 inneratiens
and 4 outer iterations for exchanging extrinsic informatigith the SDMA
detector. The frame length &; = 1200.

TABLE OF RECEIVESNRDIFFERENCESTRyA IN DECIBEL.

10 _
N,=1200,iter.
N,=1200,iter.1 —e— 10°
N=1200,iter.2 —y— -
N§:1200,iter.3 —— | Concat:ML-ML —A—
— i Concat: MMSE-ML —il—
NZ2a00iters S Concat:IC-ML —%—
N5=2400,iter.1 G
N3=2400/jter 2 —o— 10t Concat:ZF-ML —e— |
N5>=2400,iter.3 —&— \ \ % Mod2:ML-ML —A—
2 : E b ) Mod2:MMSE-ML —5—
‘;g\\\ \ Mod2:IC-ML —%—
102 Mod2:ZF-ML —6— |
o A Ry Concat:non-PS-ML —&—
u B VRN WA VA VSO X Mod2:non-PS-ML —&—
o ‘\\ \\\*\ é\ 3\ TTCM-Rayleigh —+—
3 :
% 10 W o\ \ |
A A\ \ \ 3.
2 LU W W N
LS 10 WALY VT
i “\ \\‘\ ‘{ “\ “\ Ii
X o 1o
" 10" VIV T X
hah | VWL =
7 8 9 10 11 12 13 \ ‘W -
SNRR[dB] 10 \ | .
. . ) 0 1 2 3 4 5 6 7
Fig. 5. BER versus received SNR per-user per-receiver aatperformance SNR{[dB]

of various 4PSK-TTCM-aided SDMA schemes employing ML MUDtire
RD link. The TTCM decoder employs 4 inner iterations and 4piterations

Fig. 6. BER versus transmitted SNR per user performancerausa4PSK-
for exchanging extrinsic information with the SDMA detectdhe frame

TTCM-aided SDMA-based two-way relay schemes. The notatMNSE-
lengths considered a®> = 1200 and N = 2400. ML is used to refer to a scheme employing MMSE MUD at the SR
. . . . and then the ML MUD at the RD link. Similar meaning applies te t
An .unco.rrelgted Raylelgh fading channel is considered amd tations ‘ML-ML, ‘IC-ML" and ‘ZF-ML'. The modulo-two addtion method
outer iteration is defined as that when the SDMA detector d&ed tis represented by ‘mod2’ and the concatenation method isesepted by
TTCM decoder are activated once. As seen from Fig. 4, thensehe'concat’. Furthermore, all schemes employ the power sbarirechanism
employing ML MUD that invokes four outer iterations has thesb €xcept those with the notation ‘Non-PS'. The TTCM decodemleys 4

BER performance and the ZF MUD has the worst BER perfc)rmangger iterations and 4 outer iterations with the SDMA deiecThe ‘TTCM-

. . . ] . . yleigh’ scheme is our single-user benchmarker which conicates over
in the SR link. There is an approximately 4 dB difference inM® 5 single transmitter and a single receiver link.

of their received SNRs at a BER (1076. Furthermore, after the per user performance of various TTCM-aided SDMA-based two-
fourth iteration the IC scheme outperforms the MMSE MUDSThlway re|aying schemes. We have also considered a Sing|e|:mer

is because the interfering signal introduced by the MMSE MidD Cooperative benchmark scheme denoted as ‘TTCM_Ray|a'q||'é’re
cancelled by the IC MUD. The performance of the ZF MUD canngj single transmitter and a single receiver are employethritsighput

be further imprOVed by haVing additional outer iteratidmscause the is 1 bps At the same throughput’ the two-way re|aying scheme
interfering Signal has already been removed. In the first iot, the emp|0ying the concatenation method, but operating Witﬂwpower
transmitted frame length i8/; = 1200 symbols. sharing mechanism, denoted as ‘Concat:non-PS-ML’, ofdpes the
The performance of various TTCM-aided SDMA-based schem&BTCM-Rayleigh’ benchmarker by approximately 2 dBs at a B&R
employing ML MUD, when communicating over the RD link duringl0~®. When the power sharing mechanism is activated, a further



10° T scheme, when the concatenation and modulo-two additiomodst
=T Concat:MMSE-ML —i— are employed at the RN. The modulo-two addition method isokep
T Concat:IC-ML —%— . .
10t Concat:ZF-ML —e— |4 of providing another dB or so SNR gain.
3 ‘V\“ ol Mod2:ML-ML —A—
N, Q\ \ < Mod2:MMSE-ML —&— We found that our proposed ML-detected SDMA-based two-way
Mod2:IC-ML —*— . . . .
102 %&7 \ Mod2:ZF-ML —&— | relaying scheme is capable of outperforming the non-cadjver
XN R X (N ModZinonPS ML T TTCM benchmark scheme by approximately 4.7 dBs at a BER of
P o 1\ \\ \\* é\ \ TTCM-Rayleigh —+— 107%. The MMSE detected scheme offers the best compromise in
w g . . . .
@ 0T EN co A terms of the detection complexity imposed and the perfoo@again
\ A \ \ \ .
D Wl P L ) W r attained.
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