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Abstract—In this paper, two different transmission schemes
which are based on the joint consideration of two-way relaying
and direct link transmission are proposed. The considered
scenario consists of two half-duplex multi-antenna nodes which
want to bidirectionally exchange information under asymmetric
data rate requirements. To enable the communications, the nodes
can either perform transmissions via the direct link or via an
intermediate non-regenerative multi-antenna half-duplex relay
station, termed RS. To maximize the achievable data rates
under asymmetric data rate requirements, a hybrid approach is
proposed which combines the transmissions via two-way relaying
and via the direct link using two orthogonal time resources.
Furthermore, an approach is introduced which performs the
transmissions either via two-way relaying or via the direct link
depending on the instantaneous channel conditions. Additionally,
a joint filter design approach for the spatial filters at the nodes
and at RS is presented considering the same number of antennas
at both nodes and at RS. The performances of the proposed
transmission schemes are investigated by numerical results and
it is shown that both schemes achieve higher data rates than
conventional approaches which consider pure two-way relaying
or pure direct link transmissions.

I. INTRODUCTION

In many wireless applications, two nodes want to bidirec-
tionally exchange information. Transmissions via the direct
link, termed direct transmissions, between the nodes have been
extensively studied in [1] and references therein. For these di-
rect transmissions, the achievable data rates typically decrease
with increasing distances and shadowing effects. Considering
a three node network enables the consideration of two-hop
transmissions [2]. Instead of a pure direct transmission (DT),
the data exchange can be performed via an intermediate relay
station which can overcome shadowing effects, expand the
communication range and increase the achievable throughput
[3]-[6]. In [3], [4], the optimization of the filter design
at a multi-antenna source node and at multi-antenna relay
station, termed RS, is investigated for one-way relaying. In
[5], [6], the direct link between the source and the destination
node is additionally considered and optimal filter designs are
presented.

Assuming half-duplex nodes and a half-duplex relay sta-
tion and considering time-division duplex, two time slots
are required to perform a unidirectional transmission from a
source node to a destination node with the one-way relaying

scheme. To enable a bidirectional communication between
two nodes, four time slots are required, because each node
requires separate orthogonal resources for the transmission and
reception to and from RS, respectively. Thus, more resources
are required compared to performing a DT between the nodes.

To overcome this drawback, the two-way relaying (TWR)
scheme introduced in [7] can be applied which only requires
two time slots to support the bidirectional communication via
an intermediate relay station. In non-regenerative two-way
relaying, both nodes transmit simultaneously to RS in the
first time slot. In the second time slot, RS linearly processes
and retransmits the received signals of both nodes and after
subtracting the back-propagated self-interference at each node,
the desired signal can be recovered [7].

Non-regenerative multi-antenna TWR in a single-pair sce-
nario is investigated, e.g., in [8]-[12]. In [8], multi-antenna
TWR is extensively studied and different relay transceive filter
designs are investigated. In [9], a gradient based transceive
filter approach for sum rate maximization is presented and in
[10], joint source and relay precoding designs are investigated.
A relay transceive strategy maximizing the weighted sum of
the Frobenius norms of the effective single-user channels is
introduced in [11].

If TWR is applied, transmissions via the direct link can
no longer be considered due to the half-duplex constraint of
the nodes. Thus, a 3-phase two-way protocol is considered
in [13] which enables direct link transmissions. However, the
achievable sum rate of the 3-phase TWR protocol is worse
than the achievable sum rate of conventional TWR for weak
direct links and is worse than the achievable sum rate of pure
DT for strong direct links.

In this paper, the considered scenario consist of two half-
duplex multi-antenna nodes which want to bidirectionally
exchange information. The nodes are capable of performing
transmissions via the direct link as well as TWR transmissions
via an intermediate non-regenerative half-duplex multi-antenna
relay station. In TWR [8]-[12], the considered number of
antennas at RS is typically larger than the considered number
of antennas at each node. However, we want to focus on a
scenario where a mobile node is acting as a relay. Thus, we
assume that the number of antennas at RS is equal to the
number of antennas at each node.
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If two nodes bidirectionally exchange information, the re-
quired data rates for each direction of transmission may be
different which can be considered by introducing asymmetric
data rate (ADR) requirements [12]. We assume that the data
rate which is required for the transmission from one node S; to
another node S5 shall be r times the data rate which is required
for the transmission from S to S;, 1 < r < co. Considering
pure DT and assuming channel reciprocity, the achievable sum
rate is independent of r because the time sharing between
the transmission from S; to So and the transmission from So
to S; can be optimized to fulfill the ADR requirement. For
pure TWR, the achievable sum rate decreases for increasing r
because TWR is intentionally designed to support symmetric
data rates. However, if pure TWR achieves higher data rates
than pure DT for » = 1 and pure DT achieves higher data rates
than pure TWR for » — co, TWR and DT can be combined
to increase the achievable sum rate for 1 < r < oco.

In this paper, we propose a hybrid TWR/DT transmission
scheme which combines the transmissions via TWR and
via the direct link using two orthogonal time resources to
maximize the achievable sum rate under the considered ADR
requirements. Furthermore, we propose a selection TWR/DT
approach which performs the bidirectional transmissions either
via TWR or via the direct link depending on which scheme
achieves a higher sum rate for the instantaneous channel con-
ditions under the considered ADR requirements. Additionally,
we present a joint filter design of the spatial filters at the nodes
and at RS assuming an equal number of antennas at the nodes
and at RS.

The rest of the paper is organized as follows. In Sec-
tion II, the system model for TWR and DT is presented,
the considered transmission schemes are introduced and ADR
requirements are discussed. In Section III, the multiple-input
multiple-output (MIMO) filter design at the nodes and at RS is
described. The different optimization problems which arise by
considering ADR requirements for the proposed transmission
schemes are presented in Section IV. Numerical results in
Section V confirm the analytical investigations and Section VI
concludes the paper.

Notations: The operator E[-] denotes the expectation of the
random variables within the brackets. The operator || - ||g
denotes the Frobenius norm of a complex matrix and I,
denotes an identity matrix of size M.

II. SYSTEM MODEL AND TRANSMISSION SCHEMES

As shown in Figure 1, a scenario consisting of two half-
duplex multi-antenna nodes S; and S, and of an intermediate
half-duplex non-regenerative multi-antenna relay station RS,
all equipped with the same number M of antennas, is consid-
ered. The nodes S; and S, want to bidirectionally exchange
information and the transmit power at each node and at RS is
limited by Pnode and PRrg, respectively. Channel reciprocity
is assumed and the channels H; € CM*M and H, € CM*M
from S; and S, to RS, respectively, as well as the direct link
channel Hpy, € CM*M are assumed to be constant during
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Fig. 1. System model

one cycle of the considered transmission schemes which are
introduced in Section II-C.

All transmitted signals are assumed to be statistically inde-
pendent and the noises at RS and at the nodes are assumed
to be independent and identically distributed (i.i.d.) additive
white Gaussian noise (AWGN) with zero mean and variances
07 rg and o7, respectively. Due to the half-duplex constraint,
the nodes S; and Ss can either perform TWR via RS or the
nodes can successively transmit via the direct link channel
to bidirectionally exchange information. In the following, the
system equations for TWR are presented. Afterwards, the
system equations for considering transmissions via the direct
link channel are presented. Finally, the transmission schemes
are introduced and the consideration of ADR requirements is
discussed.

A. Two-way relaying

In TWR, both nodes are simultaneously transmitting to RS
in the first phase [7]. This phase is termed TWR multiple
access phase (TWR-MAC) as shown in Figure 1. The trans-
mitted symbols of S;, k& = 1,2, are contained in the vector
s € CMX1 with E[skskl,{] = Ij;. Using the transmit filter
matrix Qi € CM*M with ||Qp||2 < Prode at Sk, the received
baseband signal at RS is given by

yrs = H1Qis1 + H2Qas2 + ngs, ey
where ngg € CM*! represents the complex white Gaussian
noise vector at RS. RS linearly processes the received signal
using the relay transceive filter matrix G € CM*M and
retransmits the linearly processed version of ygrg back to
the nodes in the second phase. This phase is termed TWR
broadcast (TWR-BC) as shown in Figure 1. To fulfill the power
constraint at RS during the retransmission, the relay transceive
filter can be written as [12]

G = 'yé, 2)

where G € CM*M s 4 relay transceive filter which does not
implicitly fulfill the power constraint and ~ is a scalar value
to satisfy the relay power constraint. It is given by

v Pgrs
- — _ _
> k=1 IGHEQi|[% + ||Gl[707 rs

3)
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In the TWR-BC phase, the received signal at Sy is given
by [12]

s intert. = Hy G(HzQpsy, + H;Q;s; + ngs) + ngp,
i=12i#k, 4)
where ng, € CM*1 represents the complex white Gaussian
noise vector at Sy. Is it assumed that HY GH, is perfectly

known at Si. Thus, the back-propagated self-interference can
be canceled [7] and the received signal at Sy reduces to

ys, = Hp G(H;Q;s; + ngs) + ng;. ©)

Let us define the matrices
A, =H GH,Q,, (6)
By, = 07 ysH, GG"Hj}, + 021y, @)

describing the overall channel from S to Sk and the noise au-
tocorrelation matrix at Sk, respectively. Using these matrices,
the achievable data rate from Si to Sk in TWR is given by

. 1 _
Clwr® = 5 logy (det(Ins + Aj—p AL B, ),
ik=1,2i 4k, ®)

where the factor 1/2 is needed because two time slots of equal
duration are used to perform the overall transmission.

B. Transmissions via the Direct Link (DT)

Considering DT, the nodes cannot transmit simultaneously
due to the half-duplex constraint. Thus, in the first phase, Sy
transmits to So and in the second phase, Sy transmits to Sp
as shown in Figure 1. The durations of both phases can be
different and the optimization of the durations of both phases
is investigated in Section IV. The achievable data rates from
S1 to Sy and vice versa considering DT are given by

- 1
Coi5? = logy(det(Ins + ;HDLQ1QI1{HEL)), 9)

n

- 1 «
O]%ZT 1= 10g2(det(IM + ;HELQ2Q12{HDL))a

n

(10)

respectively.

C. Transmission Schemes

In this paper, four different transmission schemes are con-
sidered which are described in this section. The schemes are
termed pure TWR, pure DT, selection TWR/DT and hybrid
TWR/DT.

Applying the pure TWR scheme, all transmissions are
performed via TWR as described in Section II-A. In this case,
the direct link is not considered.

Applying the pure DT scheme, all transmissions are per-
formed via the direct link as described in Section II-B. In this
case, transmissions via the intermediate relay station are not
considered.

To consider transmissions via the direct link and via TWR,
two additional transmission schemes are proposed. The selec-
tion TWR/DT scheme either performs the transmissions via
TWR or via the direct link dependent on the instantaneous

channel conditions. If transmissions via TWR achieve higher
data rates than transmissions via the direct link, the selection
TWR/DT scheme performs TWR, and if transmissions via the
direct link achieve higher data rates than transmissions via
TWR, DTs are performed. The selection TWR/DT scheme se-
lects for each channel realization the approach which achieves
the highest data rate.

The hybrid TWR/DT scheme combines the transmissions
via the direct link and via TWR using orthogonal time
resources. In the first phase, TWR is performed. In the second
phase, a transmission via the direct link is performed only in
one link direction, i.e., either S; transmits data to So or So
transmits data to S;. The duration of the TWR phase is given
by Trwr = o1 and the duration of the DT phase is given
by Tpt = (1 — )T, where T is the overall duration of both
phases and where o, 0 < a < 1, is a parameter to adjust the
duration of performing TWR with respect to the duration of
performing DT.

To describe the achievable data rates of all schemes in a
general equation, the parameter 3, 0 < § < 1, is introduced to
adjust the duration of performing a transmission via the direct
link from S; to So with respect to the duration of performing a
transmission via the direct link from S, to S;. The parameters
« and [ for the considered transmission schemes are given
by:

o pure TWR: o« = 1 (the value of 3 has no impact),

e pure DT: « =0and 0 < 5 < 1,

o selection TWR/DT: a =1lora=0and 0 < 3 <1,

e hybrid TWR/DT: 0 < a<land f=0or §=1.

Thus, the achievable data rates can be written as

CSI% = aCAuR? + B(1 — a)Cpip ™2, (11)
Con™ = aCrign + (1= A1 —)Ci™, (12)

and the overall sum rate is given by
Coum = OS5 + 52751, (13)

D. Asymmetric Data Rate Requirements

In this paper, we assume that the data rate which is required
for the transmission from S; to So shall be r times the data
rate which is required for the transmission from Sy to S
and without loss of generality we assume r > 1 because
S; and So can be interchanged. Thus, we require that the
achievable data rate C5152 (11) for the transmission from S;
to S has to be r times the achievable data rate C52>51 (12)
for the transmission from S, to S;, leading to the following
optimization constraint:

S1—S2 S2—S1
CVsum - Tcsum .

(14)

In Section IV, the optimization problems to maximize the
achievable sum rate under this constraint are described for
the considered transmission schemes.
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III. MIMO FILTER DESIGN

In this section, the transmit (Tx) and receive (Rx) filter
design at the nodes as well as the filter design at RS is
presented. First, the filter design for performing DT between
the nodes is presented. Secondly, the filter design for TWR is
described.

A. Filter Design for DT

If DT is performed, MIMO Tx and Rx filters based on
the eigendirections of the channel as presented in [1] are
applied at the nodes. Let the singular value decomposition
(SVD) of the channel Hpp, from S; to So be given by
Hp, = UDLA%)/EVEIL, where Upy, contains the left singular
vectors, Vpr, contains the right singular vectors and Aprp,
contains the corresponding eigenvalues of the channel Hpy,
in decreasing order. For the transmission from S; to Ss, the
Tx filter at S; is given by

Qi = VoL Wpr 1,

where Wp ; is a diagonal matrix describing the waterfilling
power allocations [1]. The Rx filter at Sy is given by

5)

D, = Up;. (16)

For the transmission from Sy to S, the Tx filter at S, is given
by

Q2 =U Wpro, 17

where Wpr o is again a diagonal matrix describing the
waterfilling power allocations [1]. The Rx filter at S; is given
by

D, =VJ,. (18)

B. Filter Design for TWR

For TWR, the Tx and Rx filters at the nodes are designed
together with the relay transceive filter in a two-step approach
to handle the 2M data streams which are simultaneously
received at RS in TWR-MAC and which have to be simul-
taneously retransmitted in TWR-BC. First, the design of the
relay transceive filter G is considered and we propose an
efficient suboptimal approach. Due to the limited number M of
antennas at RS, the 2M data streams which are simultaneously
received at RS in TWR-MAC cannot be spatially separated.
We propose to utilize the relay transceive filter design for
one-way relaying which is presented in [5] adjusted for the
transmission from S; to S to support higher data rates in
this direction. Let the SVD of the channel from S; to RS
be given by Hy, = UkA}C/ QVE, where Uy contains the left
singular vectors, V contains the right singular vectors and
A contains the corresponding eigenvalues of the channel Hy,
in decreasing order. To support higher data rates transmitted
from S; to So than vice versa, the relay transceive filter of (2)
is given by

G =G = yVoWrwr U, (19)

where Wrwp is a diagonal matrix to optimize the power al-
location at RS. The mth component in the diagonal weighting
matrix Wrwr is

+
2
)\k,WL )\k,WL _ Ak,m, _ 0’%
[\/MK: A'L,Tn + (Ii2/\i,7n) KIQA'L,m, /\i,WL

Wm = ’
(PNode/M)Ak,m + J’I%,RS
o PNodeO—?Z
MUSL,RS,
m=1,2,.., M, (20)

where (1 is a constant to fulfill the power constraint at RS for
v =1 and A ., is the mth element on the diagonal of Ay.

Secondly, the Tx and Rx filters at the nodes have to be
designed. To determine these filters, we apply a MIMO filter
design based on transmitting and receiving in the eigendi-
rections of the overall channels Hyy 1 = HgGHl and
H,, » = H] GH,. Let the SVD of H,, 1 and Hoy 2 be given
by Hov,1 = Uoy 1A VEL | and Hey p = U0V72Ac1)\//,22VCI)—{/,2’
respectively. Thus, the Tx filters at the nodes S; and S, are
given by

P
Q = Mlvov,lwl, Q1)

P
Q. = MQVOV,Q, (22)

respectively, where W is a diagonal waterfilling matrix for
the overall channel H,, ; with unit norm and where P; <
Phode and Py < P, oq4e are the transmit powers at the nodes
which are optimized according to the algorithms described in
Section IV. The Rx filters at the nodes are given by

D, = UEV_,Q, (23)
D, =U], ;. (24)

IV. OPTIMIZATION PROBLEMS FOR THE CONSIDERED
TRANSMISSION SCHEMES UNDER ADR REQUIREMENTS

In this section, the optimization problems to maximize the
achievable sum rate under the constraint (14) are described for
the four considered transmission schemes.

A. Pure TWR
In pure TWR, the optimization problem is given by
}Igll% Csum, (25a)
subject to: P; < Pnodes © = 1,2, (25b)
CS1-82 — p0S2—81 (25¢)

The constraints can be fulfilled by optimizing the transmit
powers P; and P, at S; and S,, respectively. First, the
achievable data rates CgWRSQ and Césrr‘{,yRsl are computed
according to (8). Secondly, if C%WR2 < rC%%N}Sl, the
transmit power P is reduced until (25c¢) is fulfilled. Otherwise,
if C%WRSQ > TC%;RSI the transmit power P; is reduced
until (25¢) is fulfilled. To obtain the optimal transmit power
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0 < P < Pnode Of 0 < Py < Pnode Which fulfills the
constraint (25c¢), the bisection method can be applied.

B. Pure DT
In case of pure DT, the optimization problem is given by

(26a)

m[?x Csum7

subject to: C51 52 — 8251

sum sum

(26b)

The time duration 0 < 8 < 1 of the transmission from S
to So is optimized with respect to the time duration 1 — 3
of the transmission from Sy to S; and both transmissions are
performed with maximum transmit power at the nodes. Due
to the assumption of channel reciprocity, C’Is)lT_'S2 = CIS)QT_'Sl.
Thus, the time duration of the transmission from S; to Sy is
r times the time duration of the transmission from S» to Sj.

C. Selection TWR/DT

Depending on the instantaneous channel gains between the
nodes and RS in comparison to the instantaneous channel
gain of the direct link, either pure TWR outperforms pure
DT or vice versa. Thus, we propose to select either pure
TWR or pure DT to maximize the average achievable sum
rate. First, the achievable sum rates utilizing pure TWR and
pure DT are computed as described in Section IV-A and
IV-B, respectively. Secondly, for each channel realization, the
scheme which achieves the highest sum rate is selected to
perform the transmissions.

D. Hybrid TWR/DT

The achievable sum rate of pure TWR decreases for increas-
ing 7. However, if pure TWR achieves higher data rates than
pure DT for » = 1 and pure DT achieves higher data rates
than pure TWR for » — oo, TWR and DT can be combined
to increase the achievable sum rate for 1 < r < oo. This is
exploited by the proposed hybrid TWR/DT scheme and the
optimization problem is given by

max  Csum, (27a)

Py, P08
subject to: P; < Pnode, ¢ = 1,2, (27b)
Ot ™ = rCa ™, (27c)

with « and § of (11) and (12). The choice of ( is jointly
optimized with o« and with the transmit powers P, and P
of both nodes to maximize the achievable sum rate under the
ADR requirement given by the constraint (27c).

V. PERFORMANCE RESULTS

In this section, numerical results on the achievable sum rates
for the considered transmission schemes are investigated. For
the simulations, i.i.d. Rayleigh fading channels are considered
with an average path loss p; between S; and RS and an
average path loss ppr, between S; and So. The average signal
to noise ratio (SNR) for the transmission from Si to RS is
defined as

P
SNR}, = Pk 2Node,
Jn,RS

(28)

5.2 —proposed hybrid TWR/DT

~+proposed selection TWR/DT
~+pure TWR
-e-pure DT
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Fig. 2. Average achievable sum rates versus ADR ratio r, M = 2, SNR; =
SNR2 = 15dB, SNRpy, = 6dB.

and the average SNR for the transmission from S; to So is

defined as
P
SNRp;, = PDL 2Node_
ag

n

(29)

Furthermore, it is assumed that Pyode = Prs and og = 02.

The average achievable sum rates versus the ADR ratio
r= Csl/CS2 are shown in Figure 2 for SNR; = SNRy =
15dB, SNRpy, = 6dB and M = 2 antennas at each node and at
RS. For pure DT, the constraint (14) is fulfilled by optimizing
(. Thus, the average achievable sum rates are independent of
the ADR ratio because channel reciprocity is assumed and
the same data rates can be achieved for each direction of
transmission. The performance of pure TWR decreases for
increasing r because the sum rate is limited by C%WRS 2. To
fulfill the constraint (14) while increasing r, the transmit power
P» at node S, has to be decreased on average. The proposed
selection TWR/DT scheme and the proposed hybrid TWR/DT
scheme outperform pure TWR and pure DT. For r = 3, the
hybrid TWR/DT scheme achieves a gain of approximately
15% compared to pure DT and pure TWR. The gain of the
hybrid TWR/DT scheme compared to the selection TWR/DT
scheme increases if the gap between the achievable sum rates
of pure TWR and pure DT decreases. If the gap between
the achievable sum rates of pure TWR and pure DT is large,
the gain by combining both schemes is very small. In these
cases, hybrid TWR/DT and selection TWR/DT have similar
performances.

Figure 3 shows the average achievable sum rates over
different SNRs of Hpy, (SNRpy,) for » = 3. The proposed
selection TWR/DT scheme and the proposed hybrid TWR/DT
scheme achieve significantly higher sum rates than pure TWR
for SNRpy, > 5dB and significantly higher sum rates than
pure DT for SNRp;, < 5dB. For 4dB< SNRpy, < 8dB, the
proposed schemes achieve significantly higher sum rates than
pure TWR and pure DT.

The average achievable sum rates for an asymmetry between
SNR; and SNRy are shown in Figure 4 and Figure 5 for r = 2
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Fig. 4. Average sum rates for asymmetric SNRs (SNR; + SNR2 = 30dB
r=2, M=23)

and r = 4, respectively, using the values SNRpj, = 5dB,
M = 3, SNR; + SNRy = 30dB. The average achievable sum
rate of pure TWR decreases when increasing the asymmetry
between the SNRs. Similar to the previous results, the com-
bination of DT and TWR achieves the highest gain if the gap
between the achievable sum rate of pure TWR and pure DT is
small. In Figure 4, the gain is significant for 8 < SNR; < 10
and 20 < SNR; < 22. In Figure 5, the average achievable
sum rates of pure TWR are smaller compared to Figure 4
because a higher ADR ratio r is assumed. Thus, the sum rates
of pure TWR and pure DT are closer to each other for nearly
symmetric SNRs and the gain of the proposed hybrid TWR/DT
scheme is significant for 10 < SNR; < 20.

VI. CONCLUSIONS

Bidirectional communications under asymmetric data rate
requirements of two multi-antenna nodes have been consid-
ered. The transmissions have been performed via the direct
link as well as via an intermediate non-regenerative multi-

—proposed hybrid TWR/DT

s -*proposed selection TWR/DT .
-+-pure TWR T
-e-pure DT .

35P‘ i i \ \ \ ; I I T
6 8 10 12 14 16 18 20 22 24

SNR, (SNR,=30dB-SNR,)

Average achievable sum rate [bit/s/Hz]

Fig. 5. Average sum rates for asymmetric SNRs (SNR; + SNRo = 30dB
r=4, M =3)

antenna relay station. To increase the achievable sum rate,
two different transmission schemes have been proposed. The
selection TWR/DT scheme performs transmissions either via
the direct link or via RS and the hybrid TWR/DT scheme
combines a two-way relaying and a direct link transmission.
Performance results show that both schemes achieve higher
sum rates than schemes which are based on pure two-way
relaying or pure direct link transmissions.

ACKNOWLEDGMENT

The work of Holger Degenhardt is funded by the Deutsche
Forschungsgemeinschaft (DFG) under Grant No. KI1907/2-2
and is supported by the LOEWE Priority Program Cocoon
and by the Graduate School of Computational Engineering at
Technische Universitit Darmstadt.

REFERENCES

[1] D. Tse and P. Viswanath, Fundamentals of Wireless Communication.
Cambridge, U.K.: Cambridge Univ. Press, 2005.

[2] E. C. V. D. Meulen, “Three-Terminal Communication Channels,” Ad-
vances in Applied Probability, vol. 3, pp. 120-154, 1971.

[3] I. Hammerstrom and A. Wittneben, “Power allocation schemes for
amplify-and-forward MIMO-OFDM relay links,” IEEE Transactions on
Wireless Communications, vol. 6, no. 8, pp. 2798-2802, 2007.

[4] X. Tang and Y. Hua, “Optimal Design of Non-Regenerative MIMO
Wireless Relays,” IEEE Transactions on Wireless Communications,
vol. 6, no. 4, pp. 1398-1407, 2007.

[5] O. Mufioz Medina, J. Vidal, and A. Agustin, “Linear transceiver design
in nonregenerative relays with channel state information,” IEEE Trans-
actions on Signal Processing, vol. 55, no. 6, pp. 2593-2604, 2007.

[6] Y. Rong, “Optimal joint source and relay beamforming for MIMO relays
with direct link,” IEEE Communications Letters, vol. 14, no. 5, pp. 390-
392, 2010.

[7]1 B. Rankov and A. Wittneben, “Spectral efficient protocols for half-
duplex fading relay channels,” IEEE Journal on Selected Areas in
Communications, vol. 25, no. 2, pp. 379-389, 2007.

[8] T. Unger, “Multi-antenna two-hop relaying for bi-directional trans-
mission in wireless communication systems,” Ph.D. dissertation, TU
Darmstadt, June 2009.

[9] K.-J. Lee, K. W. Lee, H. Sung, and I. Lee, “Sum-rate maximization
for two-way MIMO amplify-and-forward relaying systems,” in IEEE
Vehicular Technology Conference (VIC Spring), 2009, pp. 1-5.



[10]

(1]

[12]

[13]

ITG Workshop on Smart Antennas, WSA 2013, Stuttgart, Germany

R. Wang and M. Tao, “Joint Source and Relay Precoding Designs for
MIMO Two-Way Relay Systems,” in IEEE International Conference on
Communications (ICC), 2011, pp. 1-5.

F. Roemer and M. Haardt, “Algebraic norm-maximizing (ANOMAX)
transmit strategy for two-way relaying with MIMO amplify and forward
relays,” IEEE Signal Processing Letters, vol. 16, no. 10, pp. 909-912,
20009.

H. Degenhardt and A. Klein, “Non-regenerative multi-antenna two-hop
relaying under an asymmetric rate constraint,” in Proc. IEEE Wireless
Communications and Networking Conference (WCNC), 2011, pp. 1454—
1459.

G. Li, Y. Wang, and P. Zhang, “Linear MMSE processing design
for 3-phase two-way cooperative MIMO relay systems,” IEEE Signal
Processing Letters, vol. 19, no. 7, pp. 443-446, 2012.





