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Abstract—We consider a multi-access two-way relay network
where multiple pairs of users exchange information with their
pre-assigned partners with the assistance of an intermediate
relay node. Each pair is assumed to have a shared channel
which is orthogonal to the channels used by the remaining pairs.
We investigate the relay power allocation problem for two-way
relaying protocols that allow a variety of forwarding mechanisms,
such as decode-and-superposition-forward (DSF), decode-and-
XOR-forward (DXF), amplify-and-forward (AF) and compress-
and-forward (CF). Different from one-way communications, in
two-way relaying, the rates of the two communication directions
between a pair of partners constrain each other, and the relay
power allocated to one user pair simultaneously affects the
rates of both directions. For each relaying scheme, we solve
the problem of optimally allocating relay’s power among the
user pairs such that an arbitrary weighted sum rate of all users
is maximized. Simulation results are presented to demonstrate
performance of optimum relay power allocation, as well as the
comparison among different two-way relaying schemes.

I. INTRODUCTION

Two-way relay networks, where nodes exchange informa-
tion via the help of the relay node(s), have recently brought
new interests to the research on relay-assisted communica-
tions, due to their ability of improving the spectral efficiency
upon one-way relaying. A variety of two-way relaying proto-
cols have been proposed to date that allow two nodes exchange
information over a relay in an efficient manner, e.g., [1]-[5].

While most work on two-way relaying concentrates on sin-
gle pair of partners, two-way relaying is naturally expected to
improve the system performance in multiuser scenarios. Refer-
ence [2] considers multiple pairs of users communicating via a
sufficiently large number of relays such that the transmissions
between different pairs are orthogonalized by zero forcing.
Earlier, we have studied an uncoded interference limited two-
way relay network with multiple user pairs assisted by a
shared relay node [6]-[8]. In that scenario, we considered
nodes employing code division multiple access (CDMA) with
non-orthogonal spreading sequences to support simultaneous
communications, and designed the jointly optimal relaying
scheme, transmit power and receiver structure of all commu-
nicating nodes. While our earlier work in [6]-[8] advocated
the transmission and resource management strategies for this
practical interference limited multiple access system, we must
recognize that under various scenarios and availability of band-
width, when the nodes have limited computational capability
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or multiuser detection is undesired, using orthogonal channels
to avoid interference is a valid design choice. Therefore, in
this paper, we focus on the communication scenario where
multiple user pairs communicate with the relay’s help, using
orthogonal channels per pair, and study this multi-access two-
way relay network.

In ad hoc networks where nodes are powered by battery and
frequent battery replacement is undesired, power efficiency
becomes a critical concern, especially for a shared relay node
that serves multiple user pairs that wish to communicate.
Optimum relay power allocation strategies for such scenarios
have been studied in references [9], [10] for unidirectional
relay-assisted communications.

In this paper, we investigate the optimum relay power allo-
cation problem for the multi-access two-way relay networks.
We consider decode-and-forward type of relaying protocols,
where the relay broadcasts a superposition or an XORed
version of the messages of each user pair after decoding
them, termed decode-and-superposition-forward (DSF), and
decode-and-XOR-forward (DXF) relaying, respectively. We
also consider relay cooperation without decoding, namely,
amplify-and-forward (AF) and compress-and-forward (CF)
two-way relaying. For each scheme, we address the problem of
optimally allocating relay’s power among the user pairs such
that an arbitrary weighted sum rate of all users is maximized.
We show that the power allocation algorithm for one-way
communications derived in [10] has a direct application only
for three-phase DSF two-way relaying, but does not apply any
of the other schemes. This is due to the fact that the rates of the
two communication directions between two partners constrain
each other in the two-phase DSF and DXF relaying schemes,
and the relay power allocated to one user pair simultaneously
affects the rates of both directions in the DXF, AF and CF
schemes. We formulate and solve the power allocation problem
as one or a set of convex problems for each relaying scheme.
In the numerical results section, we demonstrate performance
of optimum relay power allocation and the comparison among
different two-way relaying schemes.

II. SYSTEM DESCRIPTION

We consider a multi-access two-way relay network shown
in Figure 1, which consists of K pairs of users and an
intermediate relay node. User a; and b; (: € [1,K]) are a
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Figure 1. System model.

pair of pre-assigned partners who wish to communicate with
each other. The relay node is willing to devote its resources to
assist the communications of all the user pairs. We assume that
the users and the relay node are half-duplex and each equipped
with one antenna. We assume reciprocal channels and denote
fi» g; and h; the channel coefficients of the links between a;
and the relay, b; and the relay, and a; and b; on the ith channel,
and assume all channels stay constant for the duration of the
communication. Without loss of generality, at each receiver in
different phase, we assume i.i.d. additive white Gaussian noise
Nrzp ~ CN(0,1), where rz € {a;,b;,r;} denotes the receiver
on the ith channel and p € {1,2,3} denotes the phase.

III. TWO-WAY RELAYING SCHEMES AND THEIR
ACHIEVABLE RATE REGIONS

We study three- and two-phase two-way relaying strategies.
Each user pair is assigned an orthogonal channel in each phase,
by means of non-overlapping time/frequency slots with equal
time duration/bandwidth, as shown in Figure 1.

In three-phase protocols, user a, transmits, and its partner
b; and the relay listen in the ith channel in phase one. The
signals received at the relay and at the user b; are:

Yrist = fin/ Pa;Ta; + 11, Y1 = hin/ Pa;Ta; +10,1 (1)

Similarly, user b; transmits in the second phase, and the signals
received at the relay and at the user a; on the ith channel are:

Yri2 = Gi/ Po,To; + Ny 2, Yay2 = Rin/ Po, o, + Na, 2 2)

where \/]Tal T4, and \/PT, Ty, denote the transmitted signals
of users a; and b; with transmit power P,, and P;,, and z,,
and xp, are drawn from Gaussian codebooks.

Upon receiving the signals, the relay decodes the messages
mg, and my,. To help forward the messages in phase three, it
can employ DSF, i.e., re-encode the messages individually and
transmit ¢,, = | /P,,ai Ty, + Prbix,,bi; or employ DXF [3],
i.e., encode the message m; = mg,, ® my, and transmit ¢,, =
/P xr,, where P, ., P, and P, denote the corresponding
relay transmit power, and lxrai, Ty, and z,, are drawn from
Gaussian codebooks. The received signals at the users in phase
three are

Yai,3 = fitr; +Ma;,3, Yb;,3 = Gitr, +Nby3 3)

Knowing its own message, each user can subtract its self-
interference from the received signal and decode its partner’s
message. We denote R, and Ry, the rate from user a; to
b; and from b; to a;, respectively. Note that when the direct
link has higher channel gain than the user-to-relay link, i.e.,

|fi]? < |hi)? or |g;|* < |hi|?, the direct transmission achieves
higher rate than the relay assisted transmission. We define sets
S, and S, where S, = {i||fi|?> > |hi|*} and S, = {i||g:|* >
|hi|?}, i.e., relay-assisted transmission can increase R, and
Rypq, for user pairs in S, and Sp, respectively. Thus, we can
describe the achievable rate region for 3pDSF when different
codebooks are used at the relay and the users as:

s min(C(Pa, |fil*), C(Pa |hil*) + C(Pr, lg:i]*)),

Rap; < Vi € Sa
7= C(Pa,|hi|?), otherwise @
are min(C (P, [gi[*), C(Py, |hal*) + C (P, | fil)),

Rpa; < Vi € Sp
= C(Py, |hi|?), otherwise
3K i )

%)

where C(x) = log(1+ ). The achievable rate region for
3pDXF relaying can be obtained by replacing both P, and
Prbi in (4) and (5) by P,, [3].

Different from the three-phase schemes, in the two-phase
protocols, two nodes a; and b; transmit simultaneously on the
ith channel in phase one. The received signal at the relay is:

Yri1 = fz V Paixai + gi\/ Pbi‘rbi + Ny, 1 (6)

Since users are half-duplex nodes, they do not hear from each
other on the direct link in phase one. In the second phase, the
relay can employ DSF or DXF relaying after decoding m,,
and ms,, same as in the three-phase schemes. The achievable
rate region for 2pDSF is described as [2], [4]:

1 . .

Rap; < 5 min(C(P, fil?), C(Pr,, lgsl*)), Vi (7
1 . .

Roa; < 57z min(C(Py;|gil*), C(Pry, | £l*)), Vi ®)
1 .

Rap; + Rpa; < ﬁC(Pai‘f”Q+Pbi‘gi‘2)7vz &)

The achievable rate region for 2pDXF relaying can be obtained
by replacing both P, and P, in (7) and (8) by P, [3].

Instead of decoding, in phase two the relay can amplify and
forward the received signal from phase one, and the signal
transmitted by the relay is t,, = o;y,,.1 Where «; is a scalar
such that the relay’s transmit power for the ith user pair is P,,,

. P, . .
ie., o; = \/Pai ‘fi‘2+1;b,; SR The achievable rate region for
AF relaying is given as [2]:

| Pl fiPlg: P, .
Rap, < —C C L ¥V 10
C T Sy N PHERS oy ey PHERS A

1 P, | fil?|gi|? P, )
Ry < — i i R 1
T GV VAL Ay A E oy PR DAL

Similarly, the relay can compress the received signal and
broadcast the quantized version Z,, with power P,_, i.e., t,, =
v/ Pr,&,,. The achievable rate region for CF is given as [5]:

1 Py |fil1gil* Pa, ‘
b < —— C i , 12
fote = 5k P o + Pu 2 41" ”
1 P, | fil?|gi? Py, -
Rpa, < —C i Y 13
v S kB P 1 (3
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IV. THE RELAY POWER ALLOCATION PROBLEM

In this section, we formulate and solve the relay power
allocation problem for each two-way relaying protocol. The
optimum power allocation problem is posed as allocating
the relay power to different user pairs such that an arbitrary
weighted sum rate of all user pairs is maximized. Specifically,

max S (Wap, Rav; + Wha; Roa;) (14

{Pr Y,
s.t. Zf(:l Pri S Pr,total (15)
{Rab,;, Rva; } € Rx« (16)

where P, ;otq; is the given total relay power, R, is the
achievable rate region of one of the relaying schemes described
in Section IIl. For DSF schemes the optimization variables
are {F, , P, } instead of {F,,}. The non-negative weights
{Wab, s wbam} are to indicate the priority of the traffic amongst
different directions and pairs, a larger wight indicating priority.
The resulting weighted sums for all {wqp,, Wy, } clearly allow
us to trace the boundary of the achievable rate region.

A. Three-Phase Decode-and-Superposition-Forward (3pDSF)

Note that the relay power should only be allocated to user
pairs that belong to sets S, or S, defined in Section III. The
power allocation problem can be expressed as:

Z’w

2
{PT”iI’I}%Zi}fﬁl ics, 3K (C(Pa hal”) + C(Pr,, |9i])
i€S,
s.t. ZiK:lP + P, < Priotal s
C(Pu, |hil*) + C(Pr,, |gi|? )g C(Pulfi]?), Vi€ Sa (19
CPo,hil) + C(Pry, 1fi") < C(Py]gil*), Vi€ S (20)

Py, Pr, >0, Vi; P, =0,Yi¢ Sa; Pr, =0,¥i ¢ SQ21)

Note that 3pDSF is an extension of the one-way relaying
philosophy, which superposes the codewords to both directions
in phase three. Therefore, the traffic in the two directions can
be considered independently, and hence, this problem has the
same form as that of the one-way nonregenerative decode-
and-forward relaying in [10]. Therefore, we have the similar
form of the modified water-filling solution as in [10] and the
optimum relay power allocation is obtained as:

Prui = min <(w:éh _ ﬁ)‘h TTZ?EF) ,Vi € S, (22)

P, =min (M A PRes) Vies, @)

P, =0Yi¢ Sa; P, =0,Yi¢ S, (24)

where Pmez — Pa,-(|fi\2*\hi|2) mar __ Pbi(lg'i‘Q_‘hiIZ) re

i3P " 1gi?(14+Pa;[Ri?)> = 70,530 [fi2(14+ Py, [hi[)
sult from the constraints (19) and (20), and po is the La-
grangian multiplier satisfying the constraint (18) with equality.
B. Two-Phase Decode-and-Superposition-Forward (2pDSF)

Recalling the achievable rate region for 2pDSF relaying in
(7)-(9), we can express the power allocation problem as:
K

max > e C(Poy, If1?) (25)

K
{PTai’PTbl}i,:l i=1

Wha;

2K

(Pra, l9il*) +

K
s.t. Z Prai + Prbi < PT',tOt(ll? (26)
=1
C(Pr,,19il*) < C(Pu;|fil*), Pra, 2 0,Yi  (27)
( Th; |fl‘ )S (Pbilgi| )7PTbi >0,vi  (28)
C(Pr,,|9:1*) + C(Pry | fil*) < C(Pu| fi” + Po,lgil*), ¥i  (29)

Constraint (29) is nonconvex set over (7, , P, ). Fortunately,
a simple change of variables overcomes this hardship. Let
Qa; = C(Pr, 19i*), a0, = C(Py, |fil*), and the problem

becomes
max L Zw Qa; + Wha,q (30)
gy ab; a; ba; 4b;
{‘Iaiv‘lbi}{;l 2K i=1

K
st Y (" =1)/|gil* + (" = V/Ifil* < Prootar 3D

=1
0 < qa; < C(Pu,|fi]?), Vi (32)
0 < gy, < C(Py,]gil*), Vi (33)
GQa; + @b, < C(Po;|fil> + Py, |gil*), Vi (34)

It can be easily verified that the above problem is convex,
and therefore the optimum solution can be found via convex
optimization techniques [11]. In [12], we provide a subgradient
optimization based iterative algorithm that converges to the
optimum solution of (30)-(34) which can also be applied for
the convex problems in sections IV-C, IV-D and IV-E.

C. Three-Phase Decode-and-XOR-Forward (3pDXF)

Unlike the DSF scheme where the portions of the relay
power for forwarding the messages to two partners individu-
ally control the rates on two directions, in DXF relaying, the
relay forwards a single XORed message with power P, for
a pair of users, and consequently, P, simultaneously controls
the rate on both directions.

Similar as in 3pDSF two-way relaying, the relay assisted
transmission only helps users in .S, or S}, and hence no power
is allocated to users in S, US,. We let Spp = S, NSy
and further partition Sgp as Sgpr and Sgpe, Where Sgp =
{ili € Sap and PT% > Pmaﬁp} and Sgp2 = Sap\Sap1

,3p
with m“ﬁp and ;Zmﬁp given in Section IV-A. In set Sgp1,

increasing P, beyond Prres, but below P4 will increase
the data rate Rap, but not Rba since 1t has reached the
upper bound. Similarly, in set S,p2, increasing F,, beyond
m‘”’ but below qu"”p will increase Rp,, but not Rgp,.
We also define sets Sl’ = So\Sa and S; = Sp\Sqs, and
observe that the relay can only increase R,p, for user pairs
in S}, and only increase Ry, for user pairs in S;. Having the
above observations, we can express the relay power allocation
problem for 3pDXF two-way relaying as:

ma Y (P ) + U oG 15 )

p K
(Pry Pr L S50

+ D <wab (Prlgil*) + wl}a{C(P”m'Q))
1€Sab2
N Z wamc Prlgil?) Z “’batc P |fil) (35)

€S i€S}
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K
st. > P < Priotal (36)

=1
[:’7.1. S Pr'i ) pu S 'Z:iagp7 P’H S TT:?EP’ VZ € Sabl (37)
P, <P, P, < s Pri < P75y, Vi € Save (38)
P <P, Vi€ Sy Pry < PRYS, V€S, (39)
P, >0,P.. >0,Yi; P. =0VieS,US, (40)

Note that, in the above problem, we omit the constant terms
C(Py,;|hi|?) and C(Py,|h;|?) in the objective function for
simplicity. We use the variables {]57"1} to ensure that the upper
bound of Ry, of user pairs in Sgp1 and that of R,p, of user
pairs in Sy are not violated in the problem formulation.
This way, the optimum power allocation problem is easily
seen to be convex and can be solved. Note that in the
optimum solution, ]5,. = min(P,,, P ) for i € Sap1 and

Ty, 3P
P., = min(P,,, P"%% ) for i € Sypo.

D. Two-Phase Decode-and-XOR-Forward (2pDXF)

We first define the thresholds P4 = P, |fi|?/|gs|* and

;}jafgp = P,,|9i|?/|fi|*. We note that the relay assisted trans-

mission can potentially increase R,;, when P, < Pm‘”

,2p»
and Rp,, when P, < P73 . under the sum rate constramt

2p°
Rap;, + Rpa;, < C( i fz|2 + Py,|9:/*)/2K. This sum rate
constraint is equivalent to P, < P’” w1th

gp s AL Pr, > min(Pe5 PG ) = PRs)
mar = Pm%b, if P., > min( m“ﬁp, T”:“’ﬁp) = ’ZZZ%P

s i Py < min( magp, ;zmgp)
(41)
where PG = Pulfil’/lgP(0 +  Pylgl?),
et = Pylgil?/1fil?(0 + Palfil?) and PTgre =

—(lgs >+ £:1*)+/ (g P+1£:12)2+419: 2] fi|2 (P, | f:124 Py, 19:1%)
21g: 12| fi]? '
Next, we partition all user pairs as sets Sap, S, and Sp,

where S,, = {i|P7gpe < min( Tffigp, ;?“gp)} S, =
{ilPgpe > min(P5,, PG ) = PG} and S, =
{i] ;”%ff > min( m“ﬁp, ,z“gagp) = Py } We also define

sets Su1 C Sa, Sy C Sy, Saz = S, \Sal and Sy = S\ Sp1.
The relay power allocation problem can thus be expressed as:

wabz Wha,;
max > 7 C(Fr, Igi|2)+TK C(Pr|fil*)
{Pri 1,501,501 ieé‘abuéaluébl
Wab; Wha;
+ Y3 ”CP|g, >3 b OB If) (42)
zGSag ZES};Q
K
s.t. Z Pr,; < Pr,total (43)
=1
0< P, < PT%C Vi€ Sap (44)
0< P, <P, Vi€ Sai; 0< P, < s 2pr ) Vi€ Se1 (45)
,’Z“ép < P, S PTSAViE San (46)
ey < Pry < PG Vi€ Sio (47)
Sal g Sa7 Sbl g Sb (48)

Note that for fixed S’al and S’bl, the above problem is con-

vex. The optimum solution can be found by comparing the
solutions corresponding to different (Sg1, Sp1)-

E. Amplify-and-Forward (AF)/Compress-and-Forward (CF)

The relay power allocation problem for AF relaying can be
expressed as:
P, ‘fi|2|gi|2pai

ma 37 o )
{Pr Y 14=1 PTi|gi|2+Pai‘fi|2+Pbi|gi|2+1
Wha, P, | fil?|9: > Po,
+ e 2 L 49
2K (Pri‘fi|2+Pai‘fi|2+Pbi|gi|2+1) “9)
K
s.t. > P < Priotar; Py >0,V (50)
i=1

Similarly, the problem for CF can be expressed by replacing
the two corresponding rate expressions with the RHS of (12)
and (13) respectively. It can be shown that for both AF and
CF, the objective function is a concave function with respect
to {P.,}, therefore, the problem is convex and the optimum
solution can be found. Note that, unlike the decode-and-
forward relaying schemes, the AF and CF schemes do not
have decodability constrains. Also, note that for both AF and
CF, the objective function is an increasing function of P,
and approaches to the upper bound ZZK Lo C(Po, 1 fi]?) +
U;L}? C(hy,

|?) as Py, goes to infinity.

V. NUMERICAL RESULTS

In this section, we present numerical results to demonstrate
the performance of the optimum power allocation for multi-
access two-way relaying. We first consider a network with
3 user pairs and one relay node as shown in Figure 2. We
assume the channel gains {|f;|?, |g;|?, |hi|?} are proportional
to the fourth power of the corresponding distances between
the nodes. We set the users’ transmit powers to P, = P, =
0.1 Watts, and assume all AWGN terms have variance 1019,
Setting wap, = Wpe;, = 1 for all 4, we investigate the sum rate
of all users achieved by the optimum relay power allocation
with different multi-access two-way relaying schemes, for a
range of relay total power constraints.

In Figure 3, we compare the sum rate of all users achieved
by different relaying schemes. We observe that different re-
laying schemes outperform one another for different range
of relay power. When the relay has a low power budget,
three-phase schemes outperform two-phase ones due to the
dominating contribution from the direct links. As the relay
power increases, two-phase schemes become better since the
relay assisted transmissions dominate the rates and the pre-
log factor is 1/2 for two-phase schemes while it is 1/3 for
three-phase schemes. While the relay power keeps increasing,
all schemes eventually reach (DSF/DXF) or approach (AF/CF)
their upper bounds. We note that DXF schemes outperform the
corresponding DSF schemes until they reach the upper bounds,
because forwarding an XORed message to both parties is more
power efficient than forwarding individual messages. We also
observe that CF always outperforms AF as expected. From
the above observations, we conclude that, given a relay power
budget, we can always choose the relaying scheme and the

Authorized licensed use limited to: Penn State University. Downloaded on August 15, 2009 at 13:22 from IEEE Xplore. Restrictions apply.



This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE ICC 2009 proceedings

% Relay
® ol
150 O b1t
§ a2
b2
100 P o a3
O b3
s ,
£
®
2 o0V * Vv 1
>
50} 4
|
-100} 1
(u]
~150F 1
-150 -100  -50 0 50 100 150 200
X Axis (m)
Figure 2. A multi-access two-way relay network.
3 : : : :
—©— 3pDXF
—%— 3pDSF
257 | —m—2pDXF
—&— 2pDSF
—k— CF
2r —e— AF

0

Sum rate of all users (bits/channel use)

o ‘ ‘ ‘ ‘ ‘
-20 -15 -10 -5 0 5 10
Total relay power (normalized by AWGN power) (dB)
Figure 3. Comparison of different two-way relaying schemes with optimum
power allocation.

corresponding power allocation algorithm to obtain the highest
weighted sum rate.

Next, we present the performance gain of the optimum
power allocation upon equal power allocation which equally
distributes the relay power to assist all user pairs. To see the
average performance gain, we generate 100 network topologies
with one relay at the origin and 3 user pairs randomly dis-
tributed in the area of [—250m, 250m]?2. For each network, we
find the sum rate achieved respectively by the optimum power
allocation and the equal power allocation. For different relay
power values, we choose the relaying scheme that achieves
the highest sum rate with the optimum and the equal power
allocation algorithm, respectively. In Figure 4, we observe that
the optimum power allocation achieves a significant sum rate
performance gain upon the equal power allocation, especially
when the relay power is low.

VI. CONCLUSION

In this paper, we have investigated the optimum relay power
allocation problem for a multi-access two-way relay network
where a single relay assists bi-directional traffic of multiple
pairs of nodes over orthogonal channels. We have considered
a variety of two-way relaying protocols including DSF, DXF,
AF and CF relaying. We have formulated and solved for the

2 T T T T T T

=—o— Optimum power allocation
Equal power allocation

Sum rate of all users (bits/channel use)

05 ‘ ‘ ‘ ‘ ‘ ‘
~20 -15 -10 -5 0 5 10 15
Total relay power (normalized by AWGN power) (dB)
Figure 4.  Comparison of optimum power allocation and equal power
allocation.

relay power allocation that maximizes an arbitrary weighted
sum of rates in the network, thereby tracing the boundary
of the achievable rate region for each relaying scheme. We
have shown and compared the performance of different two-
way relaying schemes with optimum power allocation, and
demonstrated their significant performance gain over equal
power allocation. We have thus provided design guidelines
for multi-access two-way relay networks to fully utilize the
available relay resources in terms of power and improve the
system-wide performance.
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