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Abstract The previous work on interference alignment for multiple-input-multiple-output (MIMO) two-way
X relay channel assumes perfect channel state information at the transmitter (CSIT), which is reasonable in
slow fading channel. However, in fast fading scenario, this assumption is impractical. In this paper, assuming
that each node has delayed CSIT, we study the achievable degrees of freedom (DOF) for MIMO two-way X relay
channel in frequency division duplex (FDD) systems. Specifically, in the broadcast (BC) phase, we propose a
new multiple-stage transmission (MST) scheme, which utilizes retrospective interference alignment for physical
layer network coding (PLNC). We show that MST can achieve significant DOF gain and tremendous power
gain over other schemes. When the number of antennas for each user, N, is smaller than the number of the
relays, M, the time division multiple access (TDMA) scheme can only achieve an ergodic sum-rate increase by
N bps/Hz for every increasing of 3 dB of signal-to-noise power ratio (SNR), while the proposed MST scheme
can achieve an ergodic sum-rate increase by M bps/Hz.
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1 Introduction

Wireless relay is an enabling technology for coverage extension, power reduction, throughput improve-
ment, etc. It has been attracting intensive attention from both research community and industry. Nowa-
days, relaying technique is becoming one of the key ingredients of modern mobile communication systems
(e.g., LTE-A, 5G) [1]. Nevertheless, the fundamental limits of relay networks (such as capacity char-
acterization) have been long-standing open problems since its early studies [2-4], even in the simplest
one-way relay setup. The high signal-to-noise ratio (SNR) approximation of channel capacity in the form
of degrees-of-freedom (DOF) or multiplexing gain enables us to gain some insights with more tractable
analysis.

In multi-user multi-hop wireless relay networks, how to deal with interference is the key to understand
the fundamental limits of relaying. Xing et al. investigated a unified linear minimum mean-square-error
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(LMMSE) transceiver design framework, which can be applied to a variety of wireless networks, including
multi-hop relay networks [5]. Later, Xing et al. considered the robust linear transceiver design for
multi-hop amplify-and-forward (AF) multiple-input-multiple-output (MIMO) relay channels with channel
estimation errors [6]. Recently, two interference mitigation techniques, interference alignment (IA) and
physical layer network coding (PNC), were proposed to boost network performance of X channels and
relay channels respectively at high SNR. Specifically, IA was first proposed to achieve the maximum DOF
for the MIMO X channel [7,8]. On the other hand, compared with conventional storage-and-forward
scheme, PNC can double the spectrum utilization efficiency by performing simple bit ‘xor’ operation [9]
at the relay. Recently, an interesting network information flow called MIMO two-way X relay channel
was proposed by Xiang et al. [10], considering the combination of X and relay settings. In this MIMO
two-way X relay channel model, there are two user groups and each group contains two users; each
user in one group can exchange messages with all users in another group via a relay node, but cannot
exchange messages with the other user in the same group. The DOF analysis of MIMO two-way X relay
channel was given in [10] under the assumption that instantaneous global channel state information at
the transmitter (CSIT) is available at all nodes.

However, in practical wireless systems, obtaining global and instantaneous CSIT is often challenging,
especially when the transmitters are distributed and the channels are time-varying. As such, it is difficult
to obtain channel state information via feedback simultaneously. Feedback delay is one of the major
concerns. Given the fact that the current channel is probably changed when the channel feedback arrives
at transmitters, it seems such delayed feedback is useless. Surprisingly, Maddah-Ali and Tse showed that
such delayed feedback is still very useful even if it is totally obsolete and independent of the current one,
by proposing a novel concept of retrospective interference alignment [11,12]. Along the same line, DOF
characterizations were done recently for a variety of channel settings with delayed CSIT, such as single-
input-single-output (SISO) X/interference channels [13], MIMO broadcast/interference channels [14-16],
layered two-unicast networks 17|, MIMO X channels [18], and MIMO Y channels 19, 20].

In this paper, we will study the DOF of MIMO two-way X relay networks with delayed CSIT, where
achievable DOFs will be given for all possible antenna configurations. Compared with the schemes in
literature, our proposed multiple-stage transmission (MST) scheme achieves both significant DOF gain
and tremendous power gain. The organization of the paper is as follows. Section 2 first describes the
system model. Then, we analyze the achievable DOF under different transmission schemes in Section 3,
followed by an example on retrospective interference alignment in Section 4. In Section 5, we provide an
MST scheme to achieve the DOF. DOF and sum rate of different transmission schemes are compared in
Section 6. Section 7 concludes this paper.

2 System model

We consider a wireless network, as shown in Figure 1, where a group of two users (cf. users 1 and 2) want
to exchange messages with another group of two users (cf. users 3 and 4) via a relay. Being equipped with
M antennas at the relay and N antennas at each user, this network setup can be categorized into the
MIMO two-way X relay channel. Similar to the state-of-the-art in MIMO two-way X relay networks [10],
we assume that the source nodes and relay operate in full-duplex mode so that the transmission is
implemented in simultaneous multiple access (MAC) phase and broadcast (BC) phase, and decode-and-
forward policy is employed at the relay. We follow the setting of delayed CSIT as for example in [11],
where all nodes have global CSIT with one unit time (i.e. channel coherence time) delay in both MAC
and BC phases. As such, the delayed CSIT is independent of the current one. In addition, perfect channel
state information at the receiver (CSIR) is assumed in both phases.

In the MAC phase, unlike [10], signal space alignment (i.e. align signal streams of different user pairs
at the relay) seems impossible in the absence of current CSIT. Thus, all users simply send data symbols
without precoding. As shown in Figure 1, we denote the message from user i to user j as s;;. At the
receiver side, by using zero-forcing (ZF) decoding algorithm, the relay node recovers 83,1, S4,1, 53,2, 54,2,
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Figure 1 System model of MIMO two-way X relay channel.

81,3, 82,3, 81,4, 82,4 directly. In the BC phase, The MST scheme built upon physical layer network coding
and retrospective interference alignment will be used at the relay, which will be clear in Section 5.

Note that: (1) multiple time slots are necessary in both MAC and BC phases; (2) all symbols decoded
by the relay during the current MAC phase can only be sent out in the form of PNC symbols during the
next BC phase.

3 DOF results

Given transmitting power P and the achievable rate Rp, the DOF (a.k.a. multiplexing gain) is defined
as

A .
Throughout this paper, we will omit all noise terms because they have no impact on DOF analysis in
high SNR regime.

If ZF decoding is used in the MAC phase, the sum DOF of MIMO two-way X relay channel is defined

as the minimum sum DOF in MAC and BC phase,
n = min{n"4%, 7"}, (2)

This is because (1) the rate of each message is calculated as the minimum rate in MAC and BC phase
(see [10, Eq. (42)]), thus the DOF of each message is defined as the minimum DOF in MAC and BC
phase; (2) due to symmetry, each message will achieve the same DOF.

In the MAC phase, all nodes form an M x 4N super MIMO system. We assume all channel uses are
generic, i.e., any channel matrix will have rank equal to the minimum number of its rows and columns.

MAC g given by

By using ZF decoding, n
nMAC = min{M,4N}. (3)

In the BC phase, we consider three schemes: Vaze’s bound (w/o. PNC), TDMA scheme (w/o. PNC),
and MST scheme (w. PNC). In particular, Vaze et al. in [14] obtained an upper bound for the DOF region
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of a K-user MIMO broadcast channel with delayed CSIT. Based on this result, we have the following
proposition for K = 4.

Proposition 1. The DOF of four-user MIMO BC channel with delayed CSIT is upper bounded by

4

77BC < n\%a(bjze = 1 (4)

1 1 1 :
min(M,N) + min(M,2N) + min(M,3N) + min(M,4N)

The right-hand side of (4) can be explicitly expressed as

M, M <N,
AMN
MY N < M<2N,
M+ 3N’ <
SMN
BC _ i 2N < M < 3N,
Waze = 3M + 4N’ < 3 (5)
2UM N
MR 3N < M < 4N,
T ron OV <
4
By M > 4N.
2%

When TDMA is used, npc can be summarized as
NEpaa = min(M, N). (6)

By using MST in Section 5, B¢ is given by

oM, M < N,
SM N
Mist =3 3N v <M S3N (7)
12
= M > 3N.

Based on (2), (3), and (5)(7), note that n2<_ < nMAC and nES, ;4 < nMAC, our main results are given
as follows.
Theorem 1. For a four-user MIMO two-way X relay channel described in Section 2, by using Vaze’s
bound in the BC phase®, n < n\%acze; by using TDMA in the BC phase, nlﬁgMA = min(M, N); by using
MST, n is given as

M, MggN,
SMN 7
) SMNY TN <3N, 8
" SM+ N 30 S (&)
%N, M > 3N.

4 Retrospective interference alignment

Retrospective interference alignment is the basis of MST scheme. The key idea is to use delayed CSIT
to reconstruct and align the interference in multiple time slots. Here, we take a simple example to show
how retrospective interference alignment is achieved by using delayed CSIT.

We consider a two-user MISO (multiple-input-single-output) broadcast channel, where the base station
(BS) is equipped with two antennas while each user is equipped with one antenna. We assume all nodes
have global CSIT with one unit time (i.e. channel coherence time) feedback delay in BC phase. As such,

1) In many cases of DOF analysis, the DOF upper bound is difficult to be achieved. In this paper, we do not care
whether Vaze’s bound can be achieved or not. We use Vaze’s bound to demonstrate the DOF benefits of PNC in the BC
phase.
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the delayed CSIT is independent of the current one. In addition, perfect CSIR is assumed at all nodes.

Under this CSI setting, the DOF is given by n = % and can be achieved as follows.

In time slot 1, the BS sends a 2 x 1 vector q; = [s1, sf]T, which contains two streams for user 1. Thus,
the received signals of users 1 and 2 can be denoted as

yi)  |hd hio) | st

where h’,;j is the channel coefficient from the jth antenna of the BS to user k in time slot ¢, y! is the
received signal of user ¢ in time slot ¢ and sg denotes the jth stream of user 7.

Since user 1 has only one antenna, it can not decode two streams simultaneously. Note that each node
has delayed global CSIT, user 1 will get ki, and hi, with one unit time delay. A natural idea is that if
the BS can deliver yJ to user 1, user 1 can decode q; as

-1
1 hl hl 1
51 hyy hay Yo

In time slot 2, the BS sends a 2 x 1 vector g2 = [si, s3]T, which contains two streams for user 2. The
received signals of user 1 and user 2 can be denoted as

2 B2 B2 1
Ys h3y h3s] |83

Similar to (10), if the BS can deliver y? to user 2, user 2 can decode go as

-1
1 h2 h2 2
S2 h3y hio Y2

Note that the BS has delayed global CSIT, so it will get y3 and y?. In time slot 3, the BS sends
g3 = y3 + y? with just one antenna (i.e. the other antenna keeps silent). The received signals of user 1
1

and user 2 can be denoted as
lyi _ _h%
yg h§1
S1

_ _hlflh% hiihge hih3y hiihis| |83 (14)
B _hglh%1 h§1h%2 h§1h%1 h%1h%2 5% .

2
52

v+ o] (13)

Take user 1 for instance, we show how interference alignment is achieved by using delayed CSIT as
follows.

y% h% h%Q 1 0 0 2
2 0 0 S S ls;] (15)
AR L e L NN T e

rank=2 rank=1

We can see from (15) that, for user 1, interference signals are aligned within a subspace with a size (rank)
of 1, while desired signals occupied a subspace with a size of 2. Hence, user 1 can recover its desired

signal as
—1
HEEA R "
83 h%h%l h?1h%2 y? - h%i’l%

The same analysis can be generalized to user 2. Note that two users can recover four desired streams
within three consecutive time slots, so the DOF is given by %.
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5 MST scheme

The idea of MST scheme is to combine PNC and retrospective interference alignment. Specifically, we use
delayed CSIT to reconstruct and align PNC symbols in multiple time slots. To facilitate our discussion,
we use the following notations: (1) s;  denotes the ith element of s;;, which is decoded by the relay

k1 ki1+1 ko )T

during the previous MAC phase; (2) {s;k}fikl denotes a ko — k1 + 1 vector (sj,k, 8i% +---+8;3)", where

T denotes transpose operation; (3) {3§,k}?ik1 ® {si,j}fikl denotes a kg — k1 + 1 vector (s?fk @si}j, s?}k"’l &
s’,;lj"’l, ey sffk <) szfj)T, where ‘@’ denotes bit ‘xor’ operation; (4) the subscript of g denotes the index of
time slot; (5) order-k symbol/vector denotes a symbol/vector containing k users’ common information;
(6) H ,gti denotes the channel matrix from the relay to user k in time slot ¢; (7) y! is the received signal

of user k in time slot ¢.
51 M<<N

In BC phase, let the relay transmit a PNC vector per time slot. For example, in time slot 1, the relay
sends

q1 = {51,3}1']\11 ® {3§,1}i]\i1- (17)
The received signals of user 1 and user 3 in time slot 1 can be denoted as

1 1
yi =H)q, yi=H)q. (18)

Let we choose the first M rows of yi, Hl(lr), yi, and Hélr), and denote it as g1, ﬁ(llz, vs, and FSZ,

respectively. By multiplying the inverse of Hﬂ (resp. Félz) with g} (resp. ¥3), user 1 (resp. user 3)
can perfectly decode qi. After decoding gy, note that {s} |}, (resp. {s} 5},) is the side information
of user 1 (resp. user 3), users 1 and 3 can recover their desired information as

{51,3}1']\11 =D {3571}?11, {Sé,l}i]\il =D {Si,g}il\ir (19)

This process can be generalized to user pair {1,4}, {2,3}, and {2,4}. In each time slot, two users can

recover their desired symbols, thus
771]\3/1(sz =2M. (20)

52 N <M <3N

To send 8M N order-1 symbols over 3M + N time slots, we divide the whole BC phase into two stages
(4N and 3(M — N) time slots in stages 1 and 2, respectively). In each stage, we consider two cases:
N <M < 2N and 2N < M < 3N.

e First stage
The transmitted vectors over 4N time slots are given as

i kM ] kM

q4k—-3 = {311,3}1':(1@71)M+1 ® {Sé,l}i:(kfl)Mﬂ’

Qak—2 = {811,4}12\{1@_1)1\/1“ ® {SZ,l}fﬁk—l)Mﬂ’

i kM i kM (21)
qak—1 = {32,3}i:(k71)M+1 ® {33,2}1':(1971)1\/1“’
qa = {85,4}22\@—1)1\4“ o {3372}&@—1)1\4“’

where Kk =1,2,..., N.

Casel. N <M <2N

Let we show how order-2 symbols are constructed. In time slot 4k — 3, the received signals of users 1,
2, and 3 can be denoted as

_ k-3 _ k-3 - k-3
;" 3=H£,« 'qu—s, yi* 3=H2(,7- ‘s, Yyt BZHP(,,,- ' quis. (22)
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- —=(4k—3
Let we choose the first M — N rows of ygk_?’ and Héflf 3), and denote it as ﬂ;k_3 and Hé,r ), respec-

tively. Note that each node will have delayed global CSIT, user 1 (resp. user 3) will know ﬁglf ¥ with
one unit time delay. Similar to (10), if the relay can deliver g;‘k‘3 to users 1 and 3, user 1 can decode

q4k—3 as
-1

My (4k—3) 7 M 4k—3 7
qak—3 = Hf’r ) yéllk 3 (23)
=3 = | (4k—3) —4k—3 |’
_HQ,T J _y277-
and user 3 can decode qqr_3 as
4k-3)7"1 T ap—3 7
q4k—3 = Hé’r ) yg 3 (24)
=3 7 | (4k=3) —4k—3 | °
_H2,r i _y27r

After decoding gqi—3, users 1 and 3 can recover their desired signals as shown in (19). We can construct
order-2 vectors for user pair {1,3} as
uth =g @)
Similarly, we choose the first M — N rows of y§k72, yfllk*1 and y1*, and denote it as yékd, gj’“*l and
71", respectively. we can construct order-2 vectors for user pairs {1,4}, {2,3} and {2,4} as
A ETC U 26)

Let we stack all u‘ll?3_3 (resp. u‘ll’k[a ugﬁ;l, and u3"%) into a super vector Uy 3 (resp. Uiy, Uas, Us )

with a size of N(M — N). Hence, in the end of the first stage, the relay need to transmit 4N (M — N)
order-2 symbols. We then split these super vectors into small vectors with a size of N:

us(l) = {Uf,s}g(lA)NHa us(l) = {Uf,4}§£(zf1)N+1v
ug(l) = {U§,3}g(l—1)1\/+1a u(l) = {U2i,4}g(z—1)1v+1v

where I = (1,...,M — N).

Case II. 2N < M <3N

Now we show how order-2 symbols are constructed. In time slot 4k — 3, the received signals of users
1, 3, 2, and 4 can be denoted as

(27)

_ 4k—3 — 4k—3
Y3 = B Vg, gl = HY Vg s, o8)
_ 4k—3 — 4k—3
Yy P :Hg(m 'qui—s, yiF? :Hi,r ' qui—s.

Let we choose the first M — 2N rows of y;" % and Hfrk_m, and denote it as ;" > and ﬁff_3),

respectively. If the relay can deliver yéki3 and gj’“*‘ to user pair {1, 3}, user 1 can decode g3 as

-1

4k—3 _
H{Y Yt
Qak—3 = Hg(jlf_g) Y R (29)
7 (4k—3) —4k—3
H4,T y4,r
and user 3 can decode q4_3 as
(4k—3)7 7t 4k—3
H3,7- Y3
Qak—3 = Hg(jlf_g) y" (30)
7 (4k—3) —4k—3
H4,7‘ y4,r

We can construct order-2 vectors for user pair {1,3} as

4k—3
k-3 _ | Y2 31
u1,3 | —4k—3 | ° ( )
Yy
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Snmlarly7 we choose the first M — 2N rows of y4k 2 y‘fk ! and y4*, and denote it as yék 2 @‘1”@ ! and
73", respectively. Then we can construct order-2 vectors for user pairs {1,4}, {2,3} and {2,4} as
4k—2 ak—1 k
wtk2 — Y3 wtk-l Y wlk — yi (32)
14 = | _ v Ugz = | _ yo Ugy = | |-
A g1t 73"

We then stack all ygk_?’ (resp. ygk 2 yzk ! and yi*) into a super vector Us (resp. Us, Uy, and Uy)
with a size of N2, and stack all y4 =3 (resp. ygk 2 y‘llk ! and g3") into a super vector Uy (resp. Us,
U, and U3) with a size of N(M — 2N). Hence, in the end of the first stage, the relay need to transmit

4N (M — N) order-2 symbols. We then split these super vectors into smaller vectors with a size of N:

)= U v @) ={Us}Y o ynas
)

{UshZa-nnen wal) ={UDE v

)
)
Z/) = {Ul}i (I'=1)N+1> 2(1/ = {U;}élzj\él’—l)N-i-h
uz(l') = {U3}z w—nnt1>  Ta(l') = {ﬁi}élzj\él’—l)N-ﬂa

where [ = (1,...,N)and I’ =(1,..., M — 2N).
e Second stage

In this stage, N antennas will be used at the relay. Over three consecutive time slots, the relay will
send three random combinations of four order-2 vectors. Thus, it will take W = 3(M — N) time
slots to transmit all order-2 vectors.

Casel. N <M <2N

The transmitted vectors over 3(M — N) time slots are given as

@3iran—2 = Prui (1) + Pous(l) + Psus(l) + Pyua(l),
@3i+anv—1 = Psui (1) + Psus(l) + Prus(l) + Psua(l), (34)
qsi+an = Poui (1) + Prouz(l) + Prius(l) + Proua(l),

where | = {1,2,...,M — N}. P, P,,..., and Py are different full rank random matrices and they are
shared with all nodes.

Now we take user 1 for instance to show how it can decode wus(l), us(l), and ws(l). Over three
consecutive time slots, the received signals of user 1 can be denoted as

3l+4N -2 (314+4N—2) 3l4+4N—1 (31+4N—-1) 314+4N _ py(3l1+4N)
Y =H;, g31+4N—2; Yi =Hy, g3144N—1, Y) =H;," " qaan. (35)

First, by using ZF decoding, user 1 can recover qs;1an—2, @3i4+4N—1, and q3;44n as

_ (3I4+4N—2)\—1, 314+4N -2
@si+an—2 = (Hy, )Yy

)

q3i+4N-1 = (Hl(ifHNil))_ly:leN*l, (36)
dian = (H1(3;+4N))—1yfl+4N.
Note that Py, Py, ..., and Py are shared with all nodes and w1 (1) is the side information of user 1, user
1 can decode ua (1), us(l), and u4(l) as
—1
ua(l) P, P; P q31+4n—2 — Pruq (1)
us(l)| = | Ps P; P gsi+an—1 — Psuq(l) | - (37)
u4(l) Py, Py Py qsi+an — Pouq(l)

Similarly, user 2 can decode uq(1), us(l), and w4(l); user 3 can decode uq (1), uz(l), and w4(l); user 4
can decode uq (1), uz(l), and us(l).
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That means, user pairs {1,3}, {1,4}, {2,3}, and {2,4} can get ua (1), us(l), wa(l), and wuq (1), respectively.
Therefore, we have

SMN
BC

MST = SME N (38)
Case II. 2N < M < 3N

The transmitted vectors over the first 3N time slots can be given as

@si+an—2 = Piuq(l) + Pyus(l) + Psus(l) + Pyug(l),
@si+an—1 = Psuq(l) + Psua(l) + Prug(l) + Psua(l), (39)
@si+an = Poui (1) + Prous(l) + Prius(l) + Proua(l),

where | = {1,2,...,N}, Py, P,..., and Pjy are different full rank random matrices and they are shared
with all nodes.
The transmitted vectors over the last 3(M — 2N) time slots can be denoted as

QBl’+5N72 = Plﬁl (l/) —+ PQﬂ(l/) —+ P3ﬁ3(l ) -+ P4’U;4(l/),
gsv4sn—1 = Psui (') + Psua(I') + Prus(l') + Pswg(l'), (40)
gsv4snv = Powr (I') + Pouz(l') + Piyas(l') + Proug(l),

where I’ = {1,2,...,M — 2N}.

The same process of Case I can be generalized to this case. Thus, user 1 can recover all us (1), us(l),
uy(l), wa(l'), ws(l') and wy(l'); user 2 can recover all uq (1), us(l), us(l), wi(l'), ws(l’), and wy(l’); user
3 can recover all uq(1), uz(l), wa(l), wi(l'), wa(l’), and wy(l’); user 4 can recover all uq (1), ua(l), us(l),
a1 ('), wa(l'), and w3(l’). That means, user pair {1,3} can get us(l) and wa(l’); {1,4} can get us(l) and
s (l); {2,3} can get uy(l) and wy (I'); {2,4} can get wi(l) and w3(l’). Therefore, similar to the previous
case, we have

SMN
BC

:7. 41
ST = 3TN (41)
53 M > 3N

When M > 3N, its DOF is trivially equal to the case of M = 3N. To see this, let us re-visit equation
[28] for user pair {1,3}. For user pair {1,3}, note that users 2 and 4 can provide up to N equations,
respectively. If M antennas are used at the relay, the number of overhead equations (i.e. the equations
provided by users 2 and 4) for user pair {1,3} is not sufficient to decode the message. The same analysis
can be generalized to user pairs {1,4}, {2,3} and {2,4}. In other word, in the case of M > 3N, we only
activate M’ = 3N antennas at the relay. Therefore, we have

SM'N 12
BC

= — 42
st = 3M’+N 5 (42)

6 Simulation result and analysis

To gain more intuitive insight into the DOF behavior of different transmission schemes, similar to [16],
we define the normalized sum DOF as no™ = 5. Also, we define m = % By doing so, the normalized
DOF can be seen as a function of m, thus can be plotted. The normalized DOF of MST can be denoted

as

m m < z
I ~ 3)
8m 7
— = —_— = 3 43
INorm-MST 3m+1 3 (43)
12
m > 3.

E’
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Figure 2 Normalized sum DOF.

The normalized DOF of Vaze’s bound can be denoted as

m, m <1,
4
A om<e,
m+3
_8m <3
TINorm-Vaze = 3m + 4’ <Mms o, (44)
24m
—\ 3 < 4,
m+e > =™
48
— 4
25’ "=

The normalized DOF of TDMA can be denoted as
Norm-TDMA = min(m, 1). (45)

From the results in Figure 2, we have the following conclusion: when M = %N , MST scheme offers a
significant 37.5% sum DOF gain over Vaze’s bound. This is because each bit of a PNC symbol contains
two users’ information, such that the number of time slots needed in BC phase can be reduced when
transmitting the same number of order-1 symbol.

In addition to DOF, ergodic sum rate is another important metric for wireless systems. In this section,
we provide the sum rate performance of MST and TDMA through simulations. Figures 3 and 4 illustrate
the performance of ergodic sum rate of N = 2 and N = 4, respectively. We can see that, MST scheme
can provide tremendous power gain over TDMA scheme. Specifically, we can always observe that, when
N < M, an ergodic sum-rate increase of N bps/Hz for every 3 dB can be achieved by using TDMA scheme,
while M bps/Hz increase for every 3 dB can be achieved by using MST scheme. These simulation results
validate our DOF analysis.

Note that, the base of logarithmic function in DOF definition is 2, while the base of logarithmic function
in ‘dB’ definition is 10. Thus, the sum rate increase for every 3 dB is the DOF.

7 Conclusion

In this paper, under the assumption that each node has delayed CSIT, we investigate the achievable DOF
for MIMO two-way X relay channel. We discuss three schemes: our proposed MST, Vaze’s bound, and
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Ergodic sum rate when N=2 Ergodic sum rate when N=3
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Figure 3 Ergodic sum rate when N=2. Figure 4 Ergodic sum rate when N=3.

TDMA. DOF analysis shows that MST can achieve significant DOF gain over other two schemes. The
sum rate simulation illustrates MST can provide tremendous power gain over TDMA. However, with
delayed CSIT, the DOF characterization of more complex multi-way relay channels are still unsolved.
We will extend our MST to more specific multi-way relay channels in future study.
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