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Power Allocation for F/TDMA Multiuser Two-Way Relay Networks
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Abstract—We consider a multiuser two-way relay network
where multiple pairs of users exchange information with the
assistance of a relay node, using orthogonal channels per pair.
For a variety of two-way relaying mechanisms, such as decode-
and-forward (DF), amplify-and-forward (AF) and compress-and-
forward (CF), we investigate the problem of optimally allocating
relay’s power among the user pairs it assists such that an
arbitrary weighted sum rate of all users is maximized, and
solve the problem as one or a set of convex problems for each
relaying scheme. Numerical results are presented to demonstrate
the performance of the optimum relay power allocation as well
as the comparison among different two-way relaying schemes.

Index Terms—Two-way relaying, network coding, weighted
sum-rate maximization, decode/amplify/compress-and-forward,
power allocation.

I. INTRODUCTION

WO-WAY relaying[1], where the intermediate relay(s)

help communicating nodes exchange information, has
recently emerged as a means to facilitate relay-assisted coop-
eration in ad hoc and peer-to-peer wireless networks. A variety
of two-way relaying protocols have been proposed, rely-
ing on decode-and-forward (DF)[1]-[4], amplify-and-forward
(AF)[3], [5], [6] and compress-and-forward relaying (CF)[7],
[8], and have shown significant improvement on spectral
efficiency upon one-way relaying.

Two-way relaying for multiple users via a sufficiently large
number of relay nodes is considered in [3]. Earlier, we have
proposed a multiuser two-way relay network where multiple
user pairs are assisted by a shared relay[9]. While we have
employed code division multiple access (CDMA) which re-
sults in an interference limited system in [9], using orthogonal
channels by means of frequency or time division multiple
access (F/TDMA) to avoid interference is a valid design choice
as well. In this scenario, the relay’s resources, most notably,
its power, need to be appropriately shared between the pairs
whose data exchange it shall aid.

In this paper, we address the problem of optimally allocating
relay’s power among all the user pairs it assists such that an
arbitrary weighted sum rate of all users is maximized, for a
variety of two-way relaying schemes including DF, AF and
CF. We show that the problem for each relaying scheme is
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Fig. 1. System model.

equivalent to one or a set of convex problems that can be
solved via convex optimization techniques. Since the closed-
form power allocation solution does not exist, we develop an
iterative algorithm which can be applied to all the relaying
schemes, to show how the power allocation is affected by the
channel gains of different users as well as the amount of the
total relay power. In Section II, we present the system model.
We formulate and solve the power allocation problems for
various relaying schemes and develop the iterative algorithm
in Section III. Numerical results are presented in Section V.
Section VI concludes the paper.

II. SYSTEM DESCRIPTION

We consider a multiuser two-way relay network shown in
Figure 1, which consists of K pairs of users and an intermedi-
ate relay node, all half-duplex. User a; and b; (i € {1,..., K})
are a pair of pre-assigned partners who wish to communicate
with each other with the help of the relay node r. We assume
reciprocal channels and denote f;, g; and h; the channel
coefficients of the links between a; and r, b; and r, and a;
and b; (if direct link exists) on the sth channel, and assume all
channels stay constant for the duration of the communication.
Without loss of generality, we assume i.i.d. additive white
Gaussian noise with zero mean and unit variance at each
receiver.

We study both three- and two-phase DF and two-phase AF
and CF relaying schemes. As shown in Figure 2, each user
pair is assigned an orthogonal channel in each phase of equal
duration, by means of non-overlapping time/frequency slots
with equal duration/bandwidth. In the following, we briefly
describe the relaying schemes in consideration.

« Decode-and-Forward: In three- or two-phase protocols,
users a; and b; transmit with power P,, and P}, sequen-
tially or simultaneously. After decoding the messages
mg, of a; and my, of b; from the received signals, the re-
lay can employ decode-and-superposition-forward (DSF),
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Fig. 2. Channel assignment of various multiuser two-way relaying schemes.

i.e., re-encode the messages individually and transmit
tr, = /Pr,r,, + \/Pr, v, , or employ decode-
and-XOR-forward (DXF)[4], i.e., encode the message
m; = Mg, My, and transmit ¢,, = \/ﬁxr where Pra,i s
Py, and P, denote the corresponding relay transmit
power, and ,, , z, and x,, are drawn from Gaussian
codebooks!.

« Amplify-and-Forward: In phase two, the relay can sim-
ply amplify and forward the signal y,, , received from
phase one as t,, = a;yr, 1[3], [5], [6], where o is a
scalar such that the relay’s transmit power for the ith
user pair is P, i.e., a; = \/Pai|f'i|2f;;i|g'i\2+1

o Compress-and-Forward: In phase two, the relay can
compress the received signal using Wyner-Ziv coding and
forward the quantized version &, as t,, = \/Pr, &y, [7],
[8].

At the end of the last phase, each user can subtract its self-
interference from the common signal broadcasted by the relay
and decode its partner’s message.

III. THE OPTIMUM RELAY POWER ALLOCATION
PROBLEM

The optimum power allocation problem for the multiuser
two-way relay network is posed as allocating the relay power
to different user pairs such that an arbitrary weighted sum rate
of all users is maximized:

max Zfil (wabi Rabi + Wha,; Rbai) (1)

{Pr; }is,
s.t. Zfil Pri < P’r’,total (2)
{Rap,, Rpa, } € Ry (3)

where P, ;0101 1s the total relay power constraint, R, and
Rpq, denote the rate from user a; to b; and that from b;
to a;, respectively, and R, is the achievable rate region of
one of the relaying schemes which will be presented in the
following sections. The optimization variables are {Pra,i  Pr,, }
instead of {P,,} for DSF schemes. The non-negative weights
{Wab; ; Wpa, } are to indicate the priority of the traffic amongst

IThe communication is based on transmission and reception of codewords
in terms of signal sequences, however, due to the assumption of the memo-
ryless channel, we consider single-letter formulation for simplicity.

different directions and pairs, a larger weight indicating prior-
ity. The resulting weighted sums for all {wgp,, W, } clearly
allow us to trace the boundary of the achievable rate region.

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

We note that 3pDSF can be considered an extension of
the “one-way relaying philosophy”, which superposes the
codewords to both directions in phase three, and hence the
traffic in the two directions can be considered independently.
Due to space limitations, we briefly present the achievable rate
region as [10]

s min(C(Po, | fil?), C(Pa, |hil*) + C(Pr, 19il*)),

Rabi < Vi € Sg;
77 C(Pa, |hi]?), otherwise @
g min(C(Py,[gil*), C(Po, [hil*) + C(Pr, | fil?)),
Rpq, < Vi € Sp;
71 C(Py,|hi|?), otherwise
(5)

where S, = {il| fil* > [hi|*}, S = {illgs|* > |hif*}, C(2) =
log(1 4+ x). The power allocation solution is similar to the
modified water-filling solution in [11] as:

Ho lgi>/ 27 7a;,3p

P,, =min ((w:;n - ﬁ)Jr
P, =0,Vi ¢ Sy;

mar __ Pai(|fi‘2*‘hi|2) max Pb,i(‘gi‘z_‘hiﬁ)
where Prits, = 10205, i) Lrose = TRITOT By D)
o is the Lagrangian multiplier that satisfies the total power

constraint with equality, and (.)* = max(.,0).

P,, =min ((“’—b _ L)+ pmaz ),\ﬁ €S, (6

mag ) YieS, ()

» % T, 3P

P, =0, ¢ S, 8)

B. Two-phase Decode-and-Superposition-Forward (2pDSF)

The achievable rate region using 2pDSF relaying is de-
scribed as [3, III]:

[
Rap, < Ve min(C( Py,

.
Ry, < % mm(C(Pbi

fil?), C(Pr, |g:i*)), Vi 9)
gil*), C(Py,, | fi])), Vi

1 .
Rabi + Rbai < ﬁC(Pai |fl‘2 + Pbi|gi|2)>vz'

(10)

(11)

The power allocation problem is equivalent to

K

Wab; 2
max C(P. lg;|“)+
(DGR i)

wbai

2K

C(P,, |fil*) (12)

K
st. Y P, +Pr, < Priotar, Pr,, >0, Py, >0,Vi (13)
=1
C(Pr, |9i) SC(Pul fil?), C(Py, | fi?) SC(Polgil*), Vi (14)
C(Pr, |9i*)+C (P, | i) C(Pull fil 4 Pogil*), ¥i. (15)

Note that constraint (15) is a
over (P, P, ). Fortunately, a
variables x4, =C(P,, |gi|*) and  xp,=C(Py, |fil*),
overcomes this hardship. For simplicity, we let
fx)=— Zfil(wabi Za; + Wha, Tp;) be the objective function
where x=[z1 73 ... 2x]T with x;=[x,, z5,]T, q(x) < 0 with

nonconvex set[12]
simple change of
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TABLE I
ITERATIVE ALGORITHM SOLVING POWER ALLOCATION PROBLEM FOR 2PDSF RELAYING

optimum value for f(x) be frest = 0.

Initialization Step Set the maximum allowed number of iteration nma, € NT, stop criterions €1, e2,e3 > 0. Set the start
iteration index n = 1. Select a start solution (1) = 0. Let the current optimum objective value be Opest = —o0, the current

Main Step
Step 1): Start with u(n), solve max f(x) + (p(n)Tq(x)

Specifically, for 2pDSF:

Ifn=1,
If Wab, 2 Wha; >
let xo; = Ca;, Tv; = Ci — Ca;3
else
let xa;, = ci — cp;, Tv, = Cb;;
end;
else
If —wap; + pra; (n) + pi(n) <0,
let 2, = (log 1L (wap, — jua, (n) - pi(n)))
else
let z,; = 0;
end;

If —wpa; + p, (n) + pi(n) <0,

2
let =, = (log ‘ltﬁl(‘n) (wpa; — po; (n) — pi(n)))
else
let xp, = 0;
end;

end;
Let the solution be x(n); Go to Step 2;
Step 2): Caleulate 0(ju(n)) = f(x(n)) + (11(n))"a(x(n));
If O(p(n)) > Opest,
let Opest = O(1(n)) and ppest = p(n);
end; Go to Step 3;

Step 3): Calculate q(x(n));

If g(x(n)) <0,
If f(X(’I‘L)) < fbestv
let frest = f(x(n)) and ZTpest = x(n);
end;
end; Go to Step 4;
Step 4): If | Lesi—toest| < ¢,
Stop; °
end; Go to Step 5;
Step 5): Let subgradient {(n) = q(x(n));

AE If [|§(n)]| < e,
Stop;
end;
Let fi(n + 1) = p(n) + A(n) g5
(Note: the update step size A(n) is set using block
halving method[12, Ch. 8.9].)
+

: Let p(n+1) = (@(n + 1))*;
If ||p(n + 1) — p(n)]] < es,
Stop;
end; Go to Step 6;
Step 6): Replace n by n + 1;
If n < nmaz,
Go to Step 1;
else
Stop;
end;

q(x)=[g0(%) Ga, (%) @, (%) q1(%) .- Gar (%) @by (%) ax(x)]"

be the vector of the inequality constraints where
K Ta, Tp.

qo(x)=>";2, (" = 1)/|gil* + (e™ = 1)/|fil* = Prtotal,

Ga; (X):xai — Ca;s Qb (X):xbi — Cp; qi(x):xai + xp, — G,

Cai:C(Pai fi|2)’ Cbi:C(Pbi‘gi‘Q) and Ci:C(Pai|fi‘2 +

Py,|gi|?). Thus, the problem can be compactly rewritten as
min f(x) (16)
s.t. q(x) <0. (17)

It can be verified that the above problem is convex[12], i.e.,
f is a convex function and the constraint q < 0 and x > 0
define a convex set, and hence has a unique global optimum.
The optimum solution can be found via convex optimization
techniques[12].

Since the closed-form solution for the power allocation
problem does not exist, we next develop an iterative algorithm
to show how the power allocation is affected by the channel
gains of different users as well as the available relay power.
Let pt = [t fa, Moy M1 - Hax Mok Hi)T be the vector
of the Lagrangian multipliers corresponding to the inequality
constraints in q(x). The Lagrangian dual problem is

(1)
>0

(18)
(19)

max

s.t.

where 0(p) = m>ir(} f(x) + uT'q(x). It can be verified that

f(x) and q(x) are both convex and there exists an X > 0
such that q(%X) < 0. Therefore, the primal and dual problems
satisfy strong duality[12, Ch. 6.2], i.e., there is no duality

gap. In particular, we can use subgradient method[12] to
iteratively solve the Lagrangian dual problem, which also finds
the optimum solution to the primal problem. The iterative
algorithm so developed is presented in Table I.

Remark 1: In the first iteration (n = 1), we set pug = 0
which means we temporarily remove the total power con-
straint, and hence the problem becomes a linear programming
problem.

Remark 2: Updating x,,, <, in the nth iteration for n > 1
is equivalent to updating the relay power allocation as

1 1
P, (n) = (Mo(n) (wab; = pa; (n) — pi(n)) — e )" (20)
= ! w — n)— u;\nj)) — ! +
PTbi (ﬂ) - (,U()(n)( ba; /"Lbz( ) /'Ll( )) ‘f7,|2) . (21)

We observe that, the power allocation Prai (P, ) is a modified
water-filling solution, with a base level at i (ﬁ). The
water level depends on fio, ftq; (its;) and p;, and we use the
subgradient method to update po and all {p;, fa;, o, }-

Note that the iterative algorithm can be used to solve
other convex problems emerging in the following sections by
properly replacing the corresponding objective function and
constraints[10].

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

Unlike the DSF scheme, in DXF relaying the relay forwards
a single XORed message with power P, for the ith pair of
users, and consequently, P, simultaneously controls the rates
on both directions. The achievable rate region of the 3pDXF
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relaying can be obtained by replacing both P, and P,
by P, in (4)-(5)[4, III]. For 3pDXF relaying, we have the
following observations:

o Assigning more relay power to the ith user pair in

Sab = Sq NSy increases Rgp, until P, > Pmaﬂg)p, and
increases [yq, until P, > P,T’;‘lgp, where S,, Sp, P::a%p

and P[;‘agp are given in Section III-A. Therefore, we
further partition Sup as Sap1 = {i[i € Sap and P%)

Pﬂf‘lgp} and Sgp2 = Sap\Sap1- For i € Sap1, incréasing
P., beyond P75 but below P"*%  will increase the
data rate Rqp, but not Rypq, since it has reached the upper
bound. Similarly, for ¢ € Sgp2, increasing P,, beyond

P[Zagp but below P[;‘_agp will increase Rp,, but not

Rap, . Therefore, we can introduce new variables { P, }
in the problem formulation given below, which are not
the actual power allocation but to ensure that the upper
bound of Ry, for i € Sup1 and that of Rgp, for i € Sape
are not violated in the problem formulation.

o We define sets S}, = S,\Say and S; = Sy\ Sqap. The relay
can only increase R, for i € S/, and only increase Rp,,
for i € 5;.

Thus, the relay power allocation problem is equivalent to [10]

5 (spen

1 1€Sab1

e |gi|z>+%o<w>>

Wha; ~
—C Pr-
3K ( k3

max gi|2)—|—

{PT,L Pr

7))

1€Sab2
Wab; bal
"’Z Py, gil +Z P, fﬁ‘ ) (22)
ZES/ 1€S]

K
Z . < Priotat; Bry 20, P, >0,Vi; (23)
b, <P, 15 < Py, Py < P%,, for i € Sap (24)
By, < Py By < PI%, Pry < PG, for i € Sapp (25)
P, < Pm‘”gp, forie S!; P, < P;;wg”p, for i € S, (26)

P,. =0, for i€ S,USy; P, =0, for i€ S"US;US,US,. (27)
For simplicity, we have removed all the additive constant
terms in the objective function. The problem is convex,
consisting of concave objective function and linear con-
straints, and the global optimum can be found. Note that
P, min(Prl,RZfafnfp) for i€Sgp1 and Pr,i:min(Prl,PﬁZ%jp)
for 1€S4p2 In the optimum solution.

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

The achievable rate region of the 2pDXF relaying scheme
can be obtained by replacing both P, and P, by P, in (9)-
(11)[4, TI]. Defining the thresholds P,T’Z““” = P..|fil*/|gi?
and P15, = P, )|2/|fi|?, we note tflat the relay-assisted
transmission can potentially increase R,;, when P, <
Pm” and increase Ry, when P, < Pm” under the sum

|?)/2K. This

2p° ,2p°
rate constraint Ry, +Rpa, < C(P,, f2\2+Pb

sum rate constraint is equivalent to P., < P™%” with

Ti,2p
.12
maxl __ Pai‘fi‘ max maw
Ti,2p T ‘9i|2(1+Pbi2‘9i\2)’ if Prb 2p<P <P
maxr maxr2 __ Py, |gi] mar max
2y =\ Prss? = gy i PR, <P, <Prb .
mam3 : max mam
Pg5°, if Pr, <min(P 2p,PTb 72p)
(28)

where P47 =
(|g,|2+ |fz

)+ (gil>+1£i?)? +41gi 2 fi[ (P | £i> + Ps, 19 %)
2|gil*| fil?

Next, we partition all user pairs as sets Sap, S, and Sy, where
S {Z‘Pmam3 < mln(Pmar pmaz )} Sa — {Z‘Pmam3

12P7 7 T, 2P
min(Pr%,, Preg,) = Preg}, and S, = (il P74 >
maa: maw — maw
min (P75, iy 5p) = D 2p} Let us assume arbitrary

subsets S,; C S and Sy, C Sp, and define S0 = S, \Sal
and Sb2 = Sb\Sbl. The relay power allocation problem is
equivalent to[10]

Wab,;

Wha;
max LO(P,, | gi) P H—2C(Py, | fi]?
(P} 5o S Z i Ol O IR
1€SpUS31USp1
Y SR O(P g Y SOy ) 29)
i€§a2 i€Sh2
K
s.t. ZP” < Prtotal (30)
=1
0< P, < P23 Vi € Sy (31
0< P, <PI3,Vie S (32)
0< Py < P, Vi € Sy (33)
ey < Pro < PSEY Vi€ Sao; (34)
::;%p <P, < Pm%zQ,Vi S Sbg; (35)
Sa1 € Sa,  Sp1 € Sb. (36)

The above problem is convex for fixed S'al and 5'1,1, and the
optimum solution can be found by comparing the solutions
corresponding to different (Sal7 Sb1)

IV. AMPLIFY-AND-FORWARD (AF) AND
COMPRESS-AND-FORWARD (CF) RELAYING

The achievable rate region for AF [3, III] and CF relaying[7,
IV][8, IV] are given as:

Prl‘ft‘ ‘gtl Pa,

AF: Ray, < g Clp e, memmarn): Vi G7)
Rua < s Clmprrpaipiesre ) ¥i G8)

CF: Ry, < gl ) vi (39)
Rpa, < 2KO(%)W (40)

The relay power allocation problem for AF and CF relaying
can thus be expressed as:

foax farjcr(Pry, Pryy o Pry) (41)
s.t. Zfil PT@' < Pntotaly Pn > O,VZ (42)

_ K Wap,; Pr,ilfi‘Q‘gi‘QPai
where farjor = 2i1 3x Ol o s pn e o) T

Wha; Pm‘fz‘ ‘gtl Py,
2w O 7T P o t) AF

for

relaying

Authorized licensed use limited to: Penn State University. Downloaded on February 10, 2010 at 12:16 from IEEE Xplore. Restrictions apply.



550 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 9, NO. 2, FEBRUARY 2010

200

Relay

%*
al
150 b1 i
§ a2
b2
100+ Y 0 a3 |l
O b3
_ sof 1
E
@
E T * Vv ]
>
-50 1
|
-100 1
m]
-150F p
-150  -100 -50 0 50 100 150 200
X Axis (m)
Fig. 3. A multiuser two-way relay network.

_ K Wab, Prilfilz‘giPPai
and  fapjcr = i1 3R (Pri\gi\2+Pai\fi\2+1) +

Wha, Pr,|fi1?19i]? P, . .
2—[(l (W) for CF relaylng. Agaln, the

problem 1s convex for both AF and CF relaying, and
the global optimum solution can be found. Note that
for both cases the objective function is an increasing
function of P,, and approaches to the upper bound
S, S C(Pulfi?) + S#C(Py|gil?) as P, goes to
infinity.

V. NUMERICAL RESULTS

In this section, we present the numerical results to demon-
strate the performance of the optimum power allocation for
various multiuser two-way relaying schemes. More numerical
results are included in[10]. We first consider a network shown
in Figure 3 with 3 user pairs and one relay node. We assume
path-loss model where the channel gains {|fi|?, [g:|?, |h:|*}
are inversely proportional to the fourth power of the cor-
responding distances between the nodes. We set the users’
transmit power to P,,=P,,=20dBm, and assume all AWGN
terms having variance —70dBm.

In Figure 4, we present the users’ sum rate (with
Wap, =Whq, = 1 for all 7) achieved by various two-way relaying
strategies with optimum power allocation, for a range of total
relay power levels. The sum rate achieved by direct transmis-
sion is also included in the figure. We observe that different
relaying 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 may become better when
the relay-assisted transmissions dominate the rates since the
pre-log factor is 1/2 for two-phase schemes while it is 1/3 for
three-phase schemes. As the relay power keeps increasing, all
schemes eventually reach (DSF/DXF) or approach (AF/CF)
their upper bounds. We also note that the DXF schemes
outperform the corresponding DSF schemes until they reach
their upper bounds, because forwarding an XORed message
to both directions is more power efficient than forwarding
individual messages.

—©— 3pDXF
—W¥— 3pDSF
—&— 2pDXF
—&— 2pDSF
—k— CF
—o— AF

= = = Direct

d
&2}
T

N
T

-
T

Sum rate of all users (bits/channel use)
&

-20 -15 -10 -5 0 5 10
Total relay power (normalized by AWGN power) (dB)

Fig. 4. Comparison of various two-way relaying schemes with optimum
power allocation.

—&— Optimum power allocation
Equal power allocation

Averaged sum rate (bits/channel use)

0.4 . . . . . .
-20 -15 -10 -5 0 5 10 15
Relay total power (normalized by AWGN power) (dB)

Fig. 5. Comparison of optimum power allocation and equal power allocation.

Next, we compare the average performance of the optimum
and equal power allocation, with the latter equally distributing
the relay power among all the assisted users. We generate
100 networks with the relay at the origin and 3 user pairs
randomly distributed in the area of [—250m,250m]?. For
each network, we generate 1000 Rayleigh fading realizations,
i.e., the channel coefficients follow the Rayleigh distribution
with the variances following the path-loss model. For every
realization, at different relay power, we find the highest sum
rate achieved by one of the considered relaying schemes with
the optimum and the equal power allocation, respectively. The
results are averaged over all fading and network topology
realizations and presented in Figure 5. 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 multiuser two-way relay network
with a variety of two-way relaying protocols. The obtained

Authorized licensed use limited to: Penn State University. Downloaded on February 10, 2010 at 12:16 from IEEE Xplore. Restrictions apply.



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 9, NO. 2, FEBRUARY 2010 551

relay power allocation solutions, which maximize an arbitrary
weighted sum of rates in the network, allow us to trace
the boundary of the achievable rate region for each relaying
scheme. By comparing the performance of different two-way
relaying schemes with optimum power allocation, we conclude
that, given a relay power budget, we can always choose the
relaying scheme (DXF/CF) and the corresponding optimum
power allocation algorithm to obtain the highest weighted sum
rate. Finally, we remark that, while this paper considers the
centralized approach, the distributed relay power allocation
remains interesting and to be discovered.
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