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Abstract—The problem of power allocation is studied for a mul-
tiple-input multiple-output (MIMO) decode-and-forward (DF)
two-way relaying (TWR) system consisting of two source nodes
and one relay. It is shown that achieving maximum sum-rate in
such a system does not necessarily demand the consumption of
all available power at the relay. Instead, the maximum sum-rate
can be achieved through efficient power allocation with minimum
power consumption. Deriving such power allocation, however, is
nontrivial due to the fact that it generally leads to a nonconvex
problem. In Part I of this two-part paper, a sum-rate maximizing
power allocation with minimum power consumption is found
for MIMO DF TWR in which the relay optimizes its own power
allocation strategy given the power allocation strategies of the
source nodes. An algorithm is proposed for efficiently finding the
optimal power allocation of the relay based on the proposed idea
of relative water-levels. The considered scenario features low com-
plexity due to the fact that the relay optimizes its power allocation
without coordinating the source nodes. As a tradeoff for the low
complexity, it is shown that there can be waste of power at the
source nodes due to the lack of coordination between the relay and
the source nodes. Simulation results demonstrate the performance
of the proposed algorithm and the effect of asymmetry on the
considered system.

Index Terms—MIMO DF two-way relaying, relay power alloca-
tion, sum-rate maximization with minimum power consumption,
asymmetry.

I. INTRODUCTION

WO-WAY RELAYING (TWR) has recently attracted sig-
nificant interests [1]-[17]. By establishing bi-directional
links between one relay and two source nodes, the information
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exchange between the source nodes can be accomplished in two
time slots. In the first time slot (first phase) the source nodes si-
multaneously transmit their messages to the relay while in the
second time slot (second phase) the relay forwards the messages
to the destinations. The first phase is called the multiple access
(MA) phase while the second phase is the broadcasting (BC)
phase of TWR. Compared to conventional one-way relaying,
which needs four time slots for the information exchange be-
tween the source nodes, TWR can achieve a higher spectral ef-
ficiency [1].

As the performance of TWR depends on the transmit strate-
gies of both the source nodes and the relay, optimizing the
transmit strategies such as power allocation and beamforming
is one of the main research interests in TWR. The transmit
strategies of the relay and source nodes depend on the relaying
scheme. Similar to one-way relaying, the relaying scheme in
TWR can be amplify-and-forward (AF), decode-and-forward
(DF), etc., depending on the manner that the received infor-
mation is processed at the relay before it is forwarded to the
destinations. In the AF TWR scheme, the relay amplifies and
broadcasts the signals received from the source nodes while
it also amplifies and forwards the noise at the relay. Sum-rate
maximization for multiple-input multiple-output (MIMO) AF
TWR in which the relay and the source nodes all are equipped
with multiple antennas is investigated in [3], [4], while a
mean squared error minimizing scheme for MIMO AF TWR
is studied in [5]. For MIMO AF relaying, low-complexity
sub-optimal solutions can be obtained through diagonalizing
the MIMO channel based on the singular value decomposition
(SVD) or the generalized SVD (GSVD) and thereby transfer-
ring the problem of beamforming/precoding to the problem
of power allocation [3], [5]. Finding the optimal solution,
however, usually requires iterative algorithms with high com-
plexity [4], [5]. The main challenge in investigating AF TWR,
especially AF MIMO TWR, is the strong coupling between
the transmit strategies of the source nodes and the relay due to
noise propagation. As a result of noise propagation, the opti-
mization over the transmit strategies of the source nodes and
the relay usually leads to nonconvex problems. For example,
the information rate of the communication in either direction is
a nonconvex function of the covariance/beamforming matrices
of the source nodes and the relay [1].

Unlike AF relaying, DF relaying does not suffer from the
problem of noise propagation. As a result, DF TWR may
achieve a better performance than AF TWR, especially at low
signal-to-noise ratios (SNRs), at the cost of higher complexity.
Moreover, optimizing the power allocation in DF relaying
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usually leads to convex problems (see for example [6] and
[7]). DF TWR has been studied in [8]-[15]. The optimal power
allocation for DF TWR is studied under a fairness constraint in
[12]. The optimal time division between the MA and BC phases
and the optimal distribution of the relay’s power for achieving
weighted sum-rate maximization are studied in [13]. While the
above two works assume a single antenna at both the source
nodes and the relay, the case with multiple antennas at all nodes
is investigated in [14], [15]. The achievable rate region and the
optimal transmit strategies of both the source nodes and the
relay are studied in [14], where the relay’s optimal transmit
strategy is found by two water-filling based solutions coupled
by the relay’s power limit. The authors of [15] specifically
investigate the optimal transmit strategy in the BC phase of
the MIMO DF TWR. It is shown that there may exist different
strategies that lead to the same point in the rate region.

Given that TWR can achieve a high spectral efficiency, it is
of interest to optimize the power allocation so that high spectral
efficiency can be achieved using minimum power consumption.
Unlike AF TWR, in which the sum-rate can always be increased
when the relay has more transmission power, the maximum
sum-rate of DF TWR can be achieved without consuming all
the available power at the relay. However, finding the sum-rate
maximizing power allocation with minimum power consump-
tion is no longer a convex problem in general. We study this
problem in two different scenarios. In the first scenario, referred
to as relay optimization scenario, the relay optimizes its own
power allocation strategy to maximize the sum-rate of the TWR
with minimum relay power consumption given the power allo-
cation of the source nodes. In the second scenario, referred to as
network optimization scenario, the relay and the source nodes
jointly optimize their power allocation strategies to maximize
the sum-rate of the TWR with minimum total power consump-
tion over both the MA and BC phases. For brevity, the problem
of finding the optimal relay/joint power allocation which min-
imizes the relay/total power consumption among all relay/joint
power allocation schemes that achieve the maximum sum-rate
of the TWR in the relay/network optimization scenario is called
the sum-rate maximization with minimum power consumption.
Part 1 of this two-part paper studies the problem of sum-rate
maximization with minimum power consumption in the relay
optimization scenario and Part II studies the problem of sum-
rate maximization with minimum power consumption in the
network optimization scenario. The objective of Part I of this
two-part paper is to find the optimal power allocation strategy
of the relay in the relay optimization scenario.! The contribu-
tions of this part are as follows.

First, we show that the considered problem of sum-rate
maximization with minimum relay power consumption is non-
convex. As the minimization of the relay power consumption
is considered, the problem becomes more complex and the
method used for deriving the optimal relay power allocation
strategy in [7] and [14] is no longer valid. We first derive a
sufficient and necessary condition for a relay power allocation
to be optimal in the considered relay optimization scenario.
Then, based on this condition, we propose an efficient algo-
rithm for finding the optimal solution. The proposed algorithm
can obtain the optimal relay power allocation in several steps
without iterations, i.e., low complexity is achieved.

ISome preliminary results were presented at a conference [18].
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Second, we show that while the relay optimization scenario
has the advantage of low complexity, as a trade-off it may lead
to a waste of power at the source nodes (i.e., the same sum-rate
of TWR could be achieved with less power consumption of the
source nodes) because of the lack of coordination between the
source nodes and the relay. We analyze the solution of the relay
optimization problem for different relay power limits and show
that a waste of power at the source nodes happens when the relay
has a power limit less than a certain threshold for each consid-
ered system configuration and the thresholds are also given.

Third, the effect of asymmetry on the considered MIMO DF
TWR is analyzed and demonstrated. It has been observed in [16]
and [17] that the asymmetry on channel gain, relay’s location,
etc., can cause a performance degradation in single-input single-
output (SISO) TWR. We extend this to the MIMO case and
show the effect of asymmetry in power limits and number of
antennas at the source nodes via analysis and simulations.

The rest of the paper is organized as follows. Section II gives
the system model used in this work. The relay optimization
problem is solved and the features of the solution are investi-
gated in Section III. Simulation results are shown in Section I'V.
Section V concludes the paper. The Appendix provides proofs
for some lemmas and all theorems.

II. SYSTEM MODEL

Consider a TWR with two source nodes and one relay, where
source node ¢ (¢ = 1,2) and the relay have n; and n, an-
tennas, respectively. In the MA phase, source node ¢ transmits
signal W;s; to the relay. Here W, is the precoding matrix
of source node 7 and s; is the complex Gaussian information
symbol vector of source node . The elements of s;, V¢ are inde-
pendent and identically distributed with zero mean and unit vari-
ance. The channels from source node : to the relay and from the
relay to source node ¢ are denoted as H;, and H,;, respectively.
Receiver channel state information is assumed to be known at
both the relay and the source nodes, i.e., source node i knows
H_; and the relay knows H;,, V. It is also assumed that the relay
knows H,;, Vi by using either channel reciprocity or channel
feedback. The received signal at the relay in the MA phase is

(1)

where n, is the noise at the relay with covariance matrix Jl? Iin
which I denotes the identity matrix. The maximum transmission
power of source node : is limited to P/"**. Define the transmit
covariance matrices D; = W, W Vi, in which (- )T stands
for the conjugate transpose, and D = [Dy,D5]. Then the sum-
rate of the MA phase is bounded by [19]

R™(D) = log ‘I+(H11.D1Hﬁ+H2rD2Hg.) (af)‘l‘ 2)

yr = Hi,Wis) + Ho, Woaso + 1,

where |- | denotes the determinant. In the BC phase, the relay de-
codes s and sy from the received signal, re-encodes messages
using superposition coding and transmits the signal

xp = Tyas1 + T8 3)

where T,; is the n, x n; relay precoding matrix for relaying
the signal from source node j to source node .2 The maximum
transmission power of the relay is limited to P™**. Note that

21t is assumed as default throughout the paper that the user indices i and j
satisfy ¢ # j.
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in addition to the above superposition coding, the exclusive-OR
(XOR) based network coding is also used at the relay in the liter-
ature [20]-[22]. While XOR-based network coding may achieve
a better performance than superposition coding, it relies on the
symmetry of the traffic from the two source nodes. The asym-
metry in the traffic in the two directions can lead to a significant
degradation in the performance of XOR in TWR [21], [22]. As
the general case of TWR is considered here and there is no guar-
antee of traffic symmetry, the approach of symbol-level super-
position is assumed at the relay as it is considered in [1] and
[13]. Moreover, for the MIMO case that we are considering, the
superposition scheme can take advantage of the MIMO chan-
nels. In the superposition scheme, the relay uses separate beam-
formers for the signals towards two directions, which guarantees
that each transmitted signal is optimal (subject to the transmis-
sion power constraints) given its MIMO channel. This cannot
be achieved if the relay uses XOR-based network coding.
The received signal at source node ¢ can be expressed as
yi = Hyx, +n; )
where n; is the noise at source node ¢ with covariance matrix
U?I. With the knowledge of H,; and T,;, source node 7 sub-
tracts the self-interference H,;T,;s; from the received signal
and the equivalent received signal at source node ¢ is

vi = H,;Tys; + n;.

)
Define B; £ T,;TH, Vi andlet B £ [B;, B,]. The sum-rate

of the considered DF TWR can be written as [1], [13], [20]

Rtw(B’D) — %IHiH{Rma‘(D)vR(B;[))} (6)

where

R(B,D) = min{er(Bﬂ, Ro: (Do)}
+ min{Reo(Bo), Ri,(D)}  (7)

in which

R, (D;) =log (®)

I+ (H,D,H]) (o7) |
and

Ryi(B;) = log 9)

I+ (HiBHY) (03) ).

For brevity of presentation, we define the following sum-rate of
the BC phase
RP(B) £ ,1(B1) + Ri2(By). (10)
For the relay optimization scenario considered here, the
relay maximizes the sum-rate in (6) using minimum trans-
mission power given the power allocation strategies of the
source nodes.3 Since the relay needs to know W; and W,
for decoding s; and sz, respectively, as well as for designing
T,1 and T,», the source nodes should send their respective
precoding matrices to the relay after they decide their transmit
strategies. Similarly, the relay should also send T, and T2 to
both source nodes.

3The term ‘sum-rate’ by default means 12°¥ (B, D) when we do not specify
it to be the sum-rate of the BC or MA phase.
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Given the above system model, we next solve the relay opti-
mization problem.

III. RELAY OPTIMIZATION

In the relay optimization scenario, the relay and the source
nodes do not coordinate in choosing their respective power
allocation strategies. Instead, the relay aims at maximizing
R™(B, D) in (6) with minimum power consumption after the
source nodes decide their strategies and inform the relay.

Denote the power allocation that the source nodes decide to
use as DY = [DY, DY].4 For maximizing the sum-rate given
D, the relay solves the following optimization problem3

RtW(B, DU)
Tl‘{Bl + Bz} S Prmax

max
B

(11a)

s.t. (11b)
where Tr{-} stands for the trace. The problem (11) is convex.
However, in order to find the optimal B with minimum Tr{B;+
B>} among all possible B’s that achieve the maximum of the
objective function in (11), extra constraints need to be consid-
ered. Two necessary constraints are given below

(12a)

R.i(B;) < R;:(DY), Vi
< (12b)

R(B,D") < R™*(D").

The considered relay optimization problem (11) with additional
necessary constraints (12a) and (12b) becomes nonconvex. The
above necessary constraints are introduced here to show that the
considered relay optimization problem is nonconvex. For a suf-
ficient and necessary condition for a power allocation strategy
to be optimal in terms of maximizing sum-rate with minimum
power consumption, please see Theorem 2 later in this section.

The constraint (12a) is necessary because, given D°, due to
the expression of (B, D) in (7), the power consumption of the
relay can be reduced while the sum-rate I?S’W(B7 D) in (6) can
be kept unchanged by reducing Tr{B; } if 12,;(B;) > R;:(DY).
Note that (12a) is not necessarily satisfied with equality at op-
timality. In fact, it can be shown using subsequent results in
Section III-B that (12a) should be satisfied with inequality for
at least one ¢ at optimality. It can also be shown that (12a) can
be satisfied with inequalities for both ¢’s at optimality even if
the relay has an unlimited power budget. We stress that (12a)
is not sufficient for obtaining the optimal solution. Other con-
straints are also needed including (12b). The constraint (12b)
is also necessary because, given DY, if (12b) is not satisfied,
then the power consumption of the relay can be reduced while
the sum-rate 2 (B, D) can be kept unchanged by decreasing
R(B.DY) so that R(B,D") = Ru#(DY).

The constraints in (12) make the considered problem non-
convex. The objective in this section is to find an efficient
method of deriving the optimal power allocation of the relay

4The source nodes may determine their power allocation strategies using dif-
ferent objectives. Note that different source node power allocation strategies
lead to different solutions of the relay optimization problem. However, the ap-
proach adopted in this paper for solving the relay optimization problem is valid
for arbitrary source node power allocation.

5The positive semi-definite constraints D; > 0. Vi and B; > 0, Vi are as-
sumed as default and omitted for brevity in all formulations of optimization
problems in this paper.



3566

in the considered scenario of relay optimization. It is straight-
forward to see that the power allocation of the relay should be
based on waterfilling for relaying the signal in either direction
regardless of how the relay distributes its power in the two
directions. This is due to the fact that the BC phase is inter-
ference free since both source nodes are able to subtract their
self-interference. If the objective were to maximize R"°(B)
instead of R™ (B, D), the optimal strategy of the relay could
be found via a simple search. Indeed, in that case, we could
find the optimal power allocation of the relay and consequently
the optimal B by searching for the optimal proportion that the
relay distributes its power in the two directions. However, such
approach is infeasible for the considered problem. The reason
is that first of all it is unknown what is the total power that
the relay uses in the optimal solution. As power efficiency is
also considered, the relay may not use full power in its optimal
strategy. Moreover, from the expression of ™ (B, D) in (6),
it can be seen that the maximum achievable R (B, D) also
depends on R;,.(DY), Rs.(DY), and R™*(DY). Due to this
dependence, the two constraints in (12) are necessary for the
considered problem of sum-rate maximization with minimum
power consumption. However, these two constraints are im-
plicit in the sense that they are constraints on the rates instead
of on the power allocation of the relay. Such constraints offer
no insight in finding the optimal B. In order to transform the
above mentioned dependence of R*™¥(B,DY) on R (DY),
R»,(DY), and R™2(D") into an explicit form, and to discover
the insight behind the constraints in (12), we next propose the
idea of relative water-levels and develop a method based on
this idea.

A. Relative Water-Levels

Denote the rank of H,; as r.; and the SVD of H,; as
Uriﬂ”'VE. Assume that the first r;; diagonal elements of
2, are non-zero, sorted in descending order and denoted as
weil1), ... wy(ry), while the last mln{m ne} — 1y diag-
onal elements are zeros. Define Z; {1....,7}. Vi and
o (k) 2 |wei (k)2 /02, Yk € T;, Vi. ForaglvenD D, Ds],
define p1(D1q), ug(Dg) and fim, (D) such that

1 + _
> log (1 + (Ml(Dl) 2 (k) — 1) ) = R;(D1) (13a)

keZs

+ —
> log (1 + (Mz(D2)(xl(k) - 1) ) = Ry (D>)

kel

"
>3 log (1 + ( D" o (k) — 1) ) = R™(D) (13¢)

i keZ;

(13b)

where ()% stands for the projection to the positive orthant.
The physical meaning of 1;(D;) is that if waterfilling is per-
formed on w,;(k)’s, Vk € Z; using the water-level 1/11;(D;),
then the information rate of the transmission from the relay to
source node ;7 using the resulting waterfilling-based power al-
location achieves precisely R;;(D;). The physical meaning of
ttma (D) is that if waterfilling is performed on wy;(k)’s, Yk €
Z;,¥i using the water-level 1/pty,,(D), then the sum-rate of
the transmission from the relay to the two source nodes using
the resulting waterfilling-based power allocation achieves pre-
cisely R™*(D). Note that 1/p;(D,), Vi and 1/, (D) are not
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the actual water-levels for the MA or the BC phases. They are
just relative water-levels introduced to transform and simplify
the constraints in (12). Denote the actual water-levels used by
the relay for relaying the signal from source node j to source
node ¢ as 1/A;, Vi. With water-level 1/A;, B; can be given as
Bi = VIZPFZ()\Z)VH where

+
1 1
(=)
P.(N)=
(Ai) (L_;)Jr
A @ (rei)

Onrfrri

Vi (14)

in which 0,,,_,, stands for all-zero matrix of size (n, —

rii) X {(ny — ry). The power allocated on w;(k) is

pei(k) = (/N —1/ay(k)T ¥k € T, Vi. The resulting

rate R,;(B;) is given by > log(1+(a1;(k)/)\.,; —1)+). Using
k

i

1#1(D1), p2(Ds), and p,,(D), the constraints in (12a) can be
rewritten as

Ai > py (DY) Vi (15a)
+
Z Zlog <l—|— (—oz (k) — ) )
7 & .
< Z:I;log<l—|—< (Do)ai(k) —1) ) . (15b)

Given (13a) and (13b), it is easy to see that (12a) is equivalent
to (15a). Moreover, the equivalence between (12b) and (15b)
can be explained as follows. Given D and (12b), R*™ (B, D?)
in (11a) becomes R(B,DY)/2. Given (12a), or equivalently
(15a), R(B.D) in (7) with D = D becomes 7,1(B1) +
]f’lg(BQ) Then, substituting the left hand side of (12b) with
R (By) + Ria(Bs), ie., R"(B) in (10), and using (13c), the
constraint (15b) is obtained.

The procedure for the relay optimization can be summarized
in the following three steps:

1. Obtain 1 (DY), 2(DY), and piy. (D

2. Determine the optimal A,;;
3. Obtain P,;(A;) and B; from A;.

The first and the third steps are straightforward given the def-
initions (13a)—(13c) and (14). Therefore, finding the optimal
Ai, Vi in the second step is the essential part to be dealt with
later in this section.

From hereon, p1(D1), p2(D2), and piya (D) are denoted as
11, tio and p,, respectively, for brevity. The same markers/su-
perscripts on D; and/or D are used on y; and/or iy, to rep-
resent the connectlon For example, y;(DY) and /Lma(D) are
briefly denoted as 10 and fi,p., respectively. The rate R“(BL)
obtained using water-level 1/); is also denoted as Rr,,()\,,).

) from DY;

B. Algorithm for Relay Optimization

Using the relative water-levels j;, Vi and fi,,,,, we can now
develop the algorithm for relay optimization. In order to do that,
the following lemmas are presented.

Lemma 1: 1/ piya < max{1/p1.1/pa}.
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Proof: The proof for Lemma 1 is straightforward. Using
(13a)—(13c), it can be seen that R™*(D) > > R;(D,) if

1/pma > max{1/u1,1/u2}. However, given tﬁe definitions
in (2) and (8), it can be seen that R™*(D) > > R, (D,) is

impossible [19]. Therefore, 1/ iy, < max{1/ [Ll./zl [p2}. N
Lemma 2: Assume that there exist {A;, A;} and {A], AL}
such that A; < A, < A; < AL IF ZTr{PIl(/\l)} =

ZTr{Prl()\’)} then 3 Ru(A)) > ZRr;()\’) as long as

1/)\ > mm{l/a]( )}l

Proof See Appendix A. [ |

Essentially, Lemma 2 states that, for any given {1, A2} such

that 1/XAs > lfmzn {1/as(k)} assuming A\; < Ao, decreasing
cClo

min{A;, A2} and increasing max{\;, A} while fixing the total
power consumption leads to a smaller BC phase sum-rate than
that achieved by using {A1, A2 }.

Lemma 3: Assume that there exist {A;, A; } and { A}, A’} such
that A; < /\j, )\: > A; and /\; > )\j, and

Ri(N) + Rej(N) = Ru(M) + Ry (V) (16)

then as long as A, < Aj;, it holds true that

Tr{Pri(A)} + Tr{P;(A))} < Te{Pr(X;)} + Te{P (X))}
17

Proof: See Appendix B. ]
In other words, Lemma 3 states that, for any given {A1, A2},
decreasing min{A;, A2} and increasing max{A1, Az} such that
the BC phase sum-rate is unchanged, the power consumption
increases.
Theorem 1. The optimal solution of the considered relay op-
timization problem always satisfies the following properties

1 1 1 1
mm{)\ )\2}:111111{@,”—3} if A1 # X (18a)
11 : { 11
— = —=min¢ —, —

if A=A
A Ay } 1 1 2

(18b)
where 1/ is the water-level obtained by waterfilling P™#% on
wmj(k), Vk € I7VZ
Proof: See Appendix C. ]

According to the proof of Theorem 1, it can be seen that
A1 # Ay at optimality and consequently the equation in
(18a) holds when both of the following two conditions are
satisfied: (i) the relay has sufficient power, ie., 1/A% >
min{1/u{,1/p5}, and (ii) there is asymmetry between p{ and
p9, ie, min{1/ud, 1/p3} < 1/48, < max{1/u,1/u3}. If
either of the above two conditions is not satisfied, A; = X5 at
optimality and consequently the equation in (18b) holds.

Theorem 2: In the relay optimization scenario, the condi-
tions (15a), (15b), (18a), and (18b) are sufficient and neces-
sary to determine the optimal {1, A2} with minimum power
consumption among all {A1, A2 }’s that maximize the sum-rate
RT‘W(B, D()).

Proof: See Appendix D. ]

It should be noted that the power constraint (11b) is not al-
ways tight at optimality due to the constraints in (15a), (15b)
(or equivalently (12a), (12b)), (18a), and (18b). Each of (15a),
(15b), (18a), and (18b) may refrain the relay from using its full
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TABLE I
THE ALGORITHM FOR RELAY OPTIMIZATION

1. Initial waterfilling: allocate P™?* on wy,(k), Vk € Z;, Vi using water-

filling. Denote the initial water level as 1/A0. Set 1/A; = 1/X2 = 1/A0.

The power allocated on wy; (k) is pri(k) = (1/X; — 1/ai(k))+,Vk €

7;,Vi.

2. Check if 1/)\; <1/ u}’ for both 7+ = 1, 2. If yes, proceed to Step 6.

Otherwise, assume that 1/A; > 1/u3, proceed to Step 3.

3. Set A1 = ,ug. Check if 1/X2 > 1/N(1)- If not, proceed to Step 4.

Otherwise, proceed to Step 5.

4. Calculate P/ = P™3x — S~ p.4 (k). Allocate P} on wy2(k)’s,Vk €
kET)

Zo via waterfilling. Obtain the water level 1/A2. If 1/A2 > l/u(l),

proceed to Step 5. Otherwise, go to Step 6.

5. Set A2 = uf and proceed to Step 6.

6.1T1/N\; > 1/p0 Vi, set \; = pu0,_ Vi. Check if 1/, < 1/p9,,, Vi.

If yes, output A;,Vi and break. Otherwise, check if ZRri()\i) <

3
R™2(DY). If yes, output \;, Vi and break. Otherwise, proceed to Step 7.
7. Assuming that A; < X;, find A} such that |M;rj| log\; =

> logaj(k) — R™2(DY) + R]’r(D?), where p;;(k) = (1/)\9 —
keij
1/a; (k)T VE € T;, M £ {klpej(k) > 0}, and [M] is the

cardinality of the set M Set Aj = A’ and output A; and ;.

power at optimality. The reason can be found from the proofs
of Theorems 1 and 2. Specifically, (15a) and (18a) make sure
that there is no superfluous power spent for relaying the signal
in each direction while (15b) and (18b) guarantee that the power
consumption of the relay cannot be further reduced without re-
ducing the sum-rate.

Based on the above results in Theorems 1 and 2, the algo-
rithm summarized in Table I is proposed to find the optimal
relay power allocation for the relay optimization problem. In
order to make sure that the sum-rate is maximized while no
power is wasted, the algorithm balances R.1(B1) and R,2(B>)
via adjusting A; and Ay according to Ry, (DY), Rs,(D9), and
R™*(DY). The algorithm uses relative water-levels, which
are not explicitly related to corresponding rates. By relating
the relative water-levels to the corresponding rates and power
allocation, the algorithm can be explained more intuitively
as follows. Step 1 performs initial power allocation and ob-
tains the initial water level A°. The water-levels \; = A%, Vi
maximize R"(B) among all possible {A;, A2} combinations
subject to the power limit of the relay. Step 2 checks whether
min{R,;(B;), R;,(D;)} is upper-bounded by R;,(DY), Vi. If
R.1(\Y) > R,.(DY), the relay reduces its transmission power
allocated for relaying the signal from source node 2 to source
node 1 so that er()\l) R, (DY) in Step 3. In the case that
R;1(Aq1) is reduced in Step 3, in terms of increasing A;, extra
power becomes available for relaying the signal from source
node 1 to source node 2. Therefore, if R.2(\3) < Ri.(DY),
the remaining power of the relay is allocated for relaying the
signal from source node 1 to source node 2 at first in Step 4.
Later in Step 4, it is checked whether Ri2(X2) > R1. (DY)
under the new power allocation. If F.»(X2) > Ri. (DY),
the relay reduces its transmission power allocated for re-
laying the signal from source node 1 to source node 2 so
that RrQ()\Q) = I;,(DY) in Step 5. Steps 6 checks whether
Ra(M) + ng()\z) < R™2(DY) is satisfied. In the case that
this constraint is not satisfied, the power allocation is revised
in Step 6 or 7 so that er()\l) + Rrg()\g) R™*(D%) and the
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power consumption of the relay is minimized. We stress that the
above procedure in the proposed algorithm, which terminates
after Step 6 or 7, is not iterative.

The following theorem regarding the proposed algorithm is
in order.

Theorem 3: The water-levels obtained using the algorithm
for relay optimization in Table I achieve the optimal relay
power allocation for the considered relay optimization problem
of sum-rate maximization with minimum relay power con-
sumption.

Proof: See Appendix E. [ |

Depending on the source node power allocation strategies
and the power limit at the relay, different results can be obtained
at the output of the algorithm in Table I. Define the following
power thresholds Pra = > 37 (1/p2,,— 1/ai(k))+ P =

i keZ;

S ¥ (1/max{ul, w§r—1/ei(k) T Paa £ 5 X (1/

i keI; i kel
/(b)) t,and P2 30 (1/ min{nd, uS} - 1/(xi(k))+
i kel

where the subscripts ‘sm’, h‘md’, and ‘lg’ mean ‘small’,
medium and ‘large’, respectively. Recall from Lemma 1
that O > min{u{,uJ}. Denote the situation that
pl. > max{pl, 9} as Case I and the situation that
pl . < max{u, Y} as Case II. We next analyze the op-
timal solution in these two cases in detail.

For Case 1, it can be seen that Py, < Py < Prg < Py
According to the value of P**, there are five subcases which
are discussed one by one in the following text.

Subcase I-1: P is small such that P/"** < Pp,,,. In this

subcase, the algorithm proceeds through Steps 1-2-6 and
A=A > Vi
Z TI‘{PM } — Pmax

at the output of the algorithm, while (15a) and (15b) are satis-
fied with inequality. Note that some power of the source nodes
is wasted in this subcase. Since the sum-rate 12*"(B,D) is
bounded by R;1(A1) + Ri2(A2) due to the small power limit
of the relay, the source nodes could use less power without
reducing R*™¥(B,D) if there would be coordination in the
system. Indeed, if the source nodes could be coordinated to
optimize their power allocatlon as well, they only need to use
the power of Tr{D{} + Tr{D{} where D = [D], D] is the
optimal solution to the following problem

(19a)
(19b)

mDin Tr{D;} + Tr{D,} (202)
s.t. R™(D) > Ry (M%) 4+ Ria(AY) (20b)
Ry (D1) > Ria(A\Y) (20c)

Ry (Dy) > B (A°). (20d)

It can be shown that Tr{D{} + Tr{D$} > Tr{D b+ Tr{D 1
in this subcase. Therefore, the power of Tr{D{} + Tr{DJ} —
Tr{D!} — Tr{D!} is wasted at the source nodes because of the
lack of coordination.

Subcase I-2: increase P™** such that P, < P™** < P,.
Then the algorithm proceeds through Steps 1-2-6.

Subcase I-3: increase P,** such that Py, < P < Ppg.
Then the algorithm proceeds through Steps 1-2-3-4-6.
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Subcase [-4: further increase P** such that P,,qg < P™%* <
Pig. Then the algorithm proceeds through Steps 1-2-3-4-5-6.

Subcase I-5: further increase P/"** such that P > P,
Then the algorithm proceeds through Steps 1-2-3-5-6.

In the above subcases when P"** > P, ,, it holds that

(21a)
(21b)

A=l > A0V
ZTI‘{P“ } < Pmax

at the output of the algorithm, while (15a) is satisfied with in-
equality for each i such that 1/p? > 1/u2 . and (15b) is satis-
fied with equality. For these subcases, the sum-rate 12** (B, D)
is bounded by 12™*#(D") and there is no waste of power at the
source nodes.

For Case II, it holds that min{u{, 3} < uma <
max{ul, uS} according to Lemma 1. Assume that ud > Y and
find A2 such thathg()\Q) R™ (DY)~ Ry, (DY). Let Ay =
and define P, = > ¥ (1/A — 1/ou(k ))+ It can be seen

1 k€T;
from Lemma 3 that P/, > Py.. Since p8, < max{u{, 13},
it holds that P/, > Pky,. Therefore, for Case II, the power
thresholds satisfy Py, < P, < Ppa < Pig. The following
subcases appear as F;"** increases.

Subcase II-1: P™** is small such that P™"** < Fy,,. Then,
the algorithm proceeds through Steps 1-2-6 and

Ai = A% > max {;L?,ug} Vi

ZTI'{P”()\I)} — P:nax

(22a)
(22b)

at the output of the algorithm, while (15a) and (15b) are satisfied
with inequality.
Subcase I1-2: increase P/"** such that Py, < P™** < P/ .

Then the algorithm proceeds through Steps 1-2-3-4-6 and

)\1 :/l,g > )\0

Z Tr{P,; ()

at the output of the algorithm, while (15a) is satisfied with
equality for ¢ = 1 and inequality for ¢ = 2. Note that there is
waste of power at the source nodes for the above two subcases
as long as P"** < P, . because the sum-rate R'V(B, D) is
bounded by R11(/\1) + Ra(Xa).

Subcase 1I-3: increase P™** such that P/ , < P < P,q.
Then the algorithm proceeds through Steps 1-2-3-4-6-7.

Subcase II-4: further increase FP/"** such that Phq <
prax < Pg. Then the algorithm proceeds through Steps
1-2-3-4-5-6-7.

Subcase II-5: further increase F/"** such that P > Pjg.
Then the algorithm proceeds through Steps 1-2-3-5-6-7.

In the subcases when P™2* > P!/ it holds that

ma?

(23a)

)} = pmax (23b)

A= pd > 2

Z Tr{P.;(A

at the output of the algorithm, while (15a) is satisfied with
equality for # = 1 and inequality for = = 2, and (15b) is
satisfied with equality. The optimal Az is found in Step 7 of the

(24a)

2} < prax (24b)
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Fig. 1. Illustration of s, p3, ;1,m,and XY for the scenario of relay optimiza-

tion. (a) Subcase I-1: P™ax < P 48 > max{u9, u3}. (b) Subcase I1-2:
P < P < Pl i < a3}

proposed algorithm. For these subcases, there is no waste of
power at the source nodes.

Two of the above subcases, i.e., Subcases I-1 and II-2, are
illustrated in Fig. 1.

From the above discussion, it can be seen that the algorithm
in Table I obtains the optimal power allocation in at most seven
steps without iterations.

Recall that the sum-rate of DF TWR is bounded by both the
sum-rate of the MA phase and the sum-rate of the BC phase. In
the scenario of relay optimization, the relay optimizes its power
allocation which affects the sum-rate of the BC phase. Since
the relay may or may not use all its available power at opti-
mality (i.e., for the optimal power allocation), the sum-rate of
the BC phase is not necessarily maximized at optimality. More-
over, it is also possible that the sum-rate of the BC phase at
optimality is not even the maximum sum-rate of the BC phase
that can be achieved using the power consumed by the relay
at optimality. We specify the term efficient to describe such
optimal power allocation of the relay that maximizes the BC
phase sum-rate RP¢(B) with the actually consumed power at
the relay. Thus, the relay’s power allocation is efficient if it gen-
erates the maximum sum-rate for broadcasting the messages of
the source nodes given its power consumption. For example,
when the relay uses all its available power at optimality, the op-
timal power allocation of the relay is efficient if it maximizes
the sum-rate of the BC phase, and inefficient otherwise. When
the relay uses the power P, < P™®* at optimality, the optimal
power allocation is efficient if the achieved sum-rate of the BC
phase is the maximum achievable sum-rate of the BC phase with
power consumption F,, and inefficient otherwise. Then the fol-
lowing two conclusions can be drawn for the scenario of relay
optimization.

First, the optimal relay power allocation in the relay opti-
mization scenario is always efficient for Case I (i.e., u%, >
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max{uy, 19}). In such a case, it can be seen from (19a) and
(21a) that 1/A; = 1/X9 at optimality regardless of whether the
relay uses all its available power. Therefore, the BC phase sum-
rate RP°(B) is always maximized given the relay’s power con-
sumption. However, the optimal relay power allocation is ineffi-
cient for Case II (i.e., u2,, < max{uf, u3}) as long as Pmax >
Pim. Moreover, the larger the difference between max{ 9, 19}
and £0, in this case, the more inefficient the optimal relay
power allocation becomes when P“”LX > P,.. Given the defi-
nitions (13a)—(13c) and Lemma 1, 1%, < max{pu{, 13} in Case
II indicates that one source node uses more power, has more an-
tennas and/or better channel condition compared to those of the
other source node. Indeed, if the power budget, number of an-
tennas, and channel conditions are the same for the two source
nodes, as an extreme example, it leads to pl, > p§ = ud.
Therefore, it can be seen that the asymmetry between the power
budget, number of antennas, and/or channel conditions can de-
grade the relay power allocation efficiency in the scenario of
relay optimization.

Second, the considered relay optimization scenario may re-
sult in the waste of power at the source nodes. However, the
relay never wastes any power. This is due to the fact that the
relay is aware of the source node power allocation strategies
and optimizes its own power allocation based on them. As a re-
sult, it can use only part of the available power if its power limit
PMa* is large. However, the relay power allocation strategy is
unknown to the source nodes when the source nodes decide
their power allocation strategies. Therefore, the possibility of
wasting power in the relay optimization scenario can be viewed
as the tradeoff for low complexity. Indeed, in the relay optimiza-
tion scenario, there is no coordination between the relay and the
source nodes. As a result, it is almost impossible to achieve the
maximum sum-rate with minimum total power consumption re-
ferred to as network-level optimality. In order to achieve the
network-level optimality, the scenario of network optimization,
in which the relay and the source nodes jointly maximize the
sum-rate of the TWR with minimum total power consumption,
is considered in Part II of this two-part paper.

IV. SIMULATIONS

In this section, we provide simulation examples for some re-
sults presented earlier and demonstrate the proposed algorithm
for relay optimization in Table I. The general setup is as follows.
The elements of the channels H,; and H;,, V¢ are generated
from complex Gaussian distribution with zero mean and unit
var1ance unless otherwise specified. The noise Varlances o2, Vi
and o2 are equal to each other and denoted all as 2. Wh1le
the source node power allocation strategy D can be arbitrary,
we use for simulations the DY that maximizes the MA phase
sum-rate I™*(D). The rates R‘“a(D).,AI?I;r(Di), and 12,;(B;)
are briefly denoted as R™?, R;., and R,;, respectively, in the
figures in this section.

Example 1: A Demonstration of Lemma 2. It is assumed that
the number of antennas at the relay n, is 8 while source node 1
has n; = 6 antennas and source node 2 has my = b antennas.
Each curve in Fig. 2 shows the sum-rate Rll + er versus
the water-level 1/A; for a given ratio of P™** over 2. In
each curve, for each given 1/A1, the relay consumes all the re-
maining power to maximize 1/As. Therefore, the power con-
sumption of the relay is fixed and equals P/***. For each curve,
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2 is different. The curve at the bottom corresponds to the ratio
Pmax /52 equal to 4 dB. For each time, when the ratio of £"**
over o2 increases, a new curve of 12,1 + 12,5 versus 1 /A1, which
lies above the previous curve, is plotted. The curve at the top
corresponds to the ratio P** / o2 equal to 7 dB. It can be seen
from Fig. 2 that the sum-rate er + Rrg is a nonconvex function
of 1/A;. However, er + Rrg is non-decreasing before reaching
the maximum and non-increasing after that. Note that 1/A; =
1/A2 = 1/AY when the BC phase sum-rate is maximized. As
a result, it can be seen that increasing max{1/A1,1/X2} and
decreasing min{1/X1,1/A2} while fixing the total power con-
sumption leads to a smaller BC phase sum-rate for any given
{1/A1.1/Xa}. Therefore, Fig. 2 verifies the result presented in
Lemma 2.

Example 2: The Relay Optimization Problem. Fig. 3(a) com-
pares the BC phase rates at optimality of the relay optimiza-
tion problem, which considers power consumption minimiza-
tion, with the BC phase rates at optimality of the problem (11),
which does not minimize the power consumption, under dif-
ferent P/"**. One channel realization is shown. The specific
setup for this simulation is as follows. The number of antennas
n1, na, and n, are set to be 6, 5, and §, respectively. The power
limits for the source nodes are set to be P{"** = P"* =
3 W. The noise variance is normalized so that ¢> = 1. The
MA phase rates for this channel realization are 20.7 bits/s/Hz
for R™+(DY%), 11.2 bits/s/Hz for Ry, (DY ) and 11.0 bits/s/Hz
for Ro.(DY). In Fig. 3(a), R’, represents R,;(B}) where B/’s,
Vs are the optimal solutions (obtained using CVX [23]) to the
problem (11) which does not minimize the power consump-
tion, and R,; represents Rm( ;) where B,’s, Vi are the op-
timal solutions to the relay optimization problem considering
power consumption minimization obtained using the algorithm
in Table I. It can be seen from Fig. 3(a) that R’ = Rm when
P is small. The reason is that R;Z is small when Pmax i
below certain threshold. As a result, the constraints in (12) and
(18b) are always satisfied and the solutions to the problem (11)
and the relay optimization problem are the same. As P"** in-
creases, R (B, D°) becomes larger and is finally bounded by
R™*(DY), while the relay power consumption is not necessarily
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Fig. 3. Tllustration of relay optimization. (a) R.; inthe optimal solution of the

sum-rate maximization problems with and without minimization of power con-
sumption, respectively, versus P***. (b) Relay power consumption, R™* (DY),
and ). R.; in the optimal solution of the sum-rate maximization problems with
and without minimization of power consumption, respectively, versus 174>

minimized in the solution of the problem (11) which does not
consider power consumption minimization. This can be seen
from the first subplot of Fig. 3(b), which shows that the power
consumption in the solution derived using the proposed algo-
rithm, denoted as P2, saturates when P™% > 4.9 W, while the
power consumption in the solution to the problem (11) which
does not consider power consumption minimization, denoted as
P!, keeps increasing. As a result, as can be seen from the second
subplot of Fig. 3(b), 3 R,; never exceeds R™*(D"), while

S 1!, grows beyond R™*(D®) when R*™ (B, D°) is bounded

by R™2(D"). Meanwhile, it can also be seen from the second
subplot of Fig. 3(b) that the maximum sum-rates RV (B, DY)
for the two compared solutions are the same, both of which
equal to " 12/, = 3" R,; when 3. R/, < ™*(D) and equal
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to R™*(DY) when Y R/, > R™*(D°). Thus, this example
demonstrates that the proposed algorithm in Table I achieves
maximum sum-rate in the scenario of relay optimization with
minimum power consumption.

Example 3: Comparison with XOR-Based Relay Scheme.
We must first clarify that there is no XOR-based scheme for
us to conduct a fair comparison with the proposed scheme.
The reason is that no XOR-based scheme has been proposed
to maximize the sum-rate of the TWR and at the same time
minimize the power consumption of the relay as the proposed
scheme does. Therefore, to perform this comparison, we need
to use the XOR-based scheme that maximizes the sum-rate of
MIMO DF TWR without considering the power consumption
as in [7]. First, we compare the maximum sum-rates achieved
by the XOR-based scheme of [7] and the proposed scheme
versus the channel asymmetry. In this simulation, we set the
number of antennas such that ny = 4,ny = 3, and n, = 6.
Power limits are P{*** = Pi*** = 2W, PM** = 3W. Noise
power o2 is set to 1. The elements of the channels H,; and
H,, are complex Gaussian distributed with zero mean and
variances v and 1/v, respectively. Therefore, when v becomes
larger, the channels become more asymmetric. For each value
of v, the sum-rates obtained by the XOR-based scheme of
[7] and the proposed scheme are averaged over 5000 channel
realizations and are shown in Fig. 4(a), denoted as RY{p
and R, respectively. From this figure, it can be seen that
the XOR-based scheme is better than the proposed scheme
when the channel asymmetry is not very large. On the other
hand, the proposed scheme becomes superior when the channel
asymmetry is large, i.e., v > 1.9. Moreover, it can be seen
that the XOR-based scheme is much more sensitive to channel
asymmetry as its performance decreases much faster than that
of the proposed scheme when the asymmetry increases.

We also compare the maximum sum-rates achieved by the
XOR-based and the proposed schemes versus both P*#* and
v. In this simulation, the number of antennas, noise power, and
power limits of the source nodes are the same as in the previous
simulation. We vary P*** and v so that F/"** increases from
3 Wto 6 W and v increases from 1 to 3. For each combination of
P** and v, we obtain the sum-rates of the XOR-based scheme
and the proposed scheme (averaged over 5000 channel realiza-
tions) and show their difference in Fig. 4(b). From this figure, it
can be seen that, the difference of the two compared schemes is
small in terms of the achieved sum-rate when F;"** is large. In-
deed, even for the symmetric case (v = 1), the advantage of the
XOR-based scheme vanishes as the power limit P}"** increases.
Similarly, for the asymmetric case, the advantage of the pro-
posed scheme also decreases when P;"** increases. Therefore,
it shows that neither of the proposed scheme and the XOR-based
scheme is definitely superior. The XOR-based scheme achieves
higher sum-rate than the proposed scheme when the channel is
symmetric. The proposed scheme, on the other hand, is better
for the case of asymmetric channels. Nevertheless, when the
relay power limit increases, the difference of the two schemes
vanishes.

Example 4: The Effect of Asymmetry in Source Node Power
Limits and Number of Antennas. The specific setup for this ex-
ample is as follows. The noise variance is normalized so that
o2 = 1. The number of antennas at the relay, i.e., 7., is set to
be 6. The power limit of the relay, i.e., P™** is setto be 3 W. The
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Fig. 4. Comparison with XOR based relay scheme. (a) Sum-rates vs. v,
comparison of the XOR-based scheme of [7] (without considering power
consumption minimization) and the proposed scheme averaged over 5000
channel realizations (I>™** = 3 W). (b) Difference of sum-rates vs. I°™** and
v, comparison of the XOR-based scheme of [7] (without considering power
consumption minimization) and the proposed scheme averaged over 5000
channel realizations.

total number of antennas at both source nodes is fixed such that
n1 + no = 6. The total available power at both source nodes
is also fixed such that P{"** + P;*** = 5W. Given the above
total number of antennas and total available power at the source
nodes, the relay optimization problem is solved for different n1,
Ny, PiP**, and P3*** for 1000 channel realizations. The resulting
average sum-rate and average power consumption of the relay,
and the percentage of efficient power allocation at optimality are
plotted in Figs. 5(a), (b), and (c), respectively, versus the differ-
ence between the number of antennas and the difference between
the power limits at the source nodes. From Fig. 5(a), it can be seen
that the sum-rate at optimality of the relay optimization is the
largest when there is no asymmetry in the number of antennas at
the source nodes and no asymmetry or only small asymmetry in
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Fig. 5. Effect of asymmetry: the average sum-rate, average relay power con-
sumption, and percentage of efficient power allocation at optimality of relay
optimization versus the difference between number of antennas and the differ-
ence between power limits at the source nodes in 1000 channel realizations.
(a) Sum-rate at optimality. (b) Relay power consumption at optimality. (c) Per-
centage of efficient power allocation at optimality.

the power limits of the source nodes. As the asymmetry becomes
larger in either number of antennas or power limits, the sum-rate
at optimality of the relay optimization decreases. Therefore, it
can be seen from this figure that the asymmetry in the above as-
pects leads to smaller sum-rate at optimality of the considered
relay optimization problem. Relating Figs. 5(b) and 5(c) to 5(a),
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two more observations can be made. First, the relay does not nec-
essarily use all the available power for sum-rate maximization
in the relay optimization scenario. Second, the asymmetry in the
number of antennas and power limits leads to low power allo-
cation efficiency. It can be seen from Fig. 5(b) that when one
of P*** — Pi*** and n; — o is positive while the other is
negative, the relay uses a part of its available power. However,
the achieved sum-rate is smaller compared to the sum-rate in
the case when P — P3™* = (0 andny — na = 0 (see
Fig. 5(a)). In this situation, since the average power consump-
tion and the average sum-rate are both low, the percentage of effi-
cient power allocation is larger than 0 but less than the percentage
when P["®* — PJ'%* = (andn; — ny = 0, as can be seen from
Fig. 5(c). When P{"** — PJ*®* and n; — ns are both positive or
both negative, the relay uses more power than the power used in
the case when P[*** — P3*** = (Qand nqy — no = 0 while the
achieved sum-rate is smaller than that in the latter case. In this
situation, since the average power consumption is high while the
average sum-rate is low, the percentage of efficient power al-
location is very low, if not zero, as can be seen from Fig. 5(c).
The above facts become more obvious when the asymmetry be-
comes larger. Therefore, it can be seen from Figs. 5(b) and 5(c)
that the asymmetry on the power limits and the number of an-
tennas can lead to low power allocation efficiency.

V. CONCLUSION

In Part I of this two-part paper, we have solved the problem
of sum-rate maximization with minimum power consumption
for MIMO DF TWR in the scenario of relay optimization. For
finding the optimal solution, we have found a sufficient and nec-
essary optimality condition for power allocation. Based on this
condition, we have proposed an algorithm to find the optimal
solution. The proposed algorithm allows the relay to obtain its
optimal power allocation in several steps. We have shown that,
as a trade-off for low complexity, there can be waste of power
at the source nodes in the relay optimization scenario because
of the lack of coordination. We have also shown that the asym-
metry in the number of antennas and power limits at the source
nodes can result in the sum-rate performance degradation and
the power allocation inefficiency in MIMO DF TWR. Next, in
Part II of this two-part paper, we will investigate the scenario
in which the relay and the source nodes jointly optimize their
transmit strategies to achieve the network-level optimality of
sum-rate maximization with minimum total power consumption
for the MIMO DF TWR.

APPENDIX

A. Proof of Lemma 2

Lemma 2 is proved in two steps, i.¢., Steps A and B. In Step A,
we prove that > R,;(A]) can be increased by modifying the
7

current power allocation on two specific subchannels. In Step B,
we show that )~ ,;(A]) may be further increased.

1
Step A: > R,(A]) can be increased. Given the fact that
1
Y Tr{Pu(\)} = > Tr {Pu(A))}, it can be shown that
7 1
/X, > 111’jn{1/ai(k)} as long as 1/A; > 1111311{1/aj(k)}.

As a result, there exist k; and ko such that 1/X] >
1/a;(k1) and 1/A; > 1/aj(ks). Define f(pyi(k1))
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log(1 + i(k1)pei(k1)) + log(l + aj{ke)prj(k2)) where
Prj(ke) = p—pri(k1) and p is a positive constant. It can be seen
that f(p,;(k1)) is strictly concave in p;(k1) € [0, p],¥Vp > 0.
Set p = (1/A; — 1/aj(ke))* + 1/M, — 1/cvi(k1). The op-
timal allocation of the power p on w;(k1) and «;(kg) that
maximizes f(pyi(k1)) is pri(k1) = (1/APY(p) — L/c;(k1))T
and py;(k2) = (1/A°PY(p) — 1/a;(k2))* where A°P*(p) is a
function of p and 1/X°P*(p) is the optimal water level. It can
be shown that 1/X°P*(p) < 1/MA.. There exist two cases, i.e.,
1/X°P%(p) < 1/A; and 1/A°P*(p) > 1/),. In the case when
1/X°P%(p) < 1/A;, it follows that (1/A°P*(p) — 1/ (k1)) <
(1/Ai = 1/a;(ki))t < 1/M, —1/a;(k1). The power allocation
on % and k9 using A} and /\’,j is

it = (3~ ey

1 1 *
prj(ka) = (A_’, - m) .

Since f(pyi(k1)) is strictly concave as mentioned above, it can
be seen that the power allocation

1 1 !
pri(ki) = (,\_Z B m)

1 1 '
prj(k) = (A_’, - W)

+ ! ! ! L . (26b)
N (k) Ai (k)
which reduces p,;(k1) and increases p,;(k2), both by 1/A] —
1/a;(k1) — (1/X; — 1/ (k1)) ™, yields higher f(py;(k1)) than
the power allocation in (25).
Therefore, the sum-rate > > log(1 + a;(k)p.(k)) achieved
Ik

(25a)

(25b)

(26a)

using (26) and

pri(k) = (% -

(k) = (Ai :

is larger than 3" Ry (]
i

1\
m) VE €L\ {k}  (27a)

+
1
W) Yk €T\ {k2} (27b)

). This is the first step of increasing sum-

rate. Moreover, it can be seen that there exists A; such that

L1 (28a)
ST

J

Tr{P.;(\)} — (% - ﬁy + (% - ai(1k1)>+

+ Te{Py (M)} =D Tr{Pa(M\)} (28b)
I

and the power allocation

pelk) = (3 - cw(lk1)>+
pri(k) = ( 1_ )Jr,VkEIi\{kl} (29b)

+
) ,VA:EIj

(29a)

prj(k)

(29c¢)

I
TN
2
=
|
~
=~
S
| =
Pl
N
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which spreads the power 1/X; —1/c; (k1) —(1/Xi—1/c;(k1))t
over «;(k)’s, Vk € I;, achieves even higher sum-rate than that
achieved by the power allocation specified by (26) and (27).
This is the second step of increasing the sum-rate.

For the second case in which 1/X; < 1/A°P'(p) < 1/A;,
the following process is adopted. Similar to the two steps
of increasing the sum-rate in the first case, the sum-rate
>~ > log(1+ oy (k)pu(k)) increases after each of the following

1 &

two adjustments of power allocation. First, reduce p,;(k;) from
/X —1/ci(ky) to (1/X°P(p) — 1/cv; (k1)) . Then, spread the
reduced power 1//\’ — 1/avi(ky) — (1/APY(p) — 1/ai(ky))t
over j(k)’s , k € Z; by finding and using 1/)’; which satisfies

, 1 1 \" 1 1\t
Te{Po(\)} — (r - —a,-,u«,l)) | ( T (m)
+Te{P; (M)} =Y Tr{Pu(X)}. (30)
l

After the adjustments, it is straightforward to see that the total
power allocated on k3 and k3 is reduced from p = (1/X\]; —
1o (k) + 1/ —1ou(ky) to 5 = (17X, — 1o (k)"

(1/x°P(p) — 1/a;(k1))T. In consequence, there exists a new
optimal water level 1/A°P*(p) based on which the optimal allo-
cation of the power p, i.e., pyi (k1) = (1/A°PY(p) — 1/ i (k1))
and py;(ka) = 1/A°P(p) — 1/04] k»), maximizes f(pyi(k1))
when p in f(p,;(k1)) is substituted by §. Since p < p, it can
be seen that 1/A°P*(p) < 1/A°P*(p). Update p and 1/A°P*(p)
so that p = p and 1/A°P*(p) = 1/A°"*(p). Then the above
process of reducing pyi(k1) to (1/A°P*(p) — 1/c;(k1))™ and
finding the new 1/} and the new 1/X°**(p) can be repeated
until (a) 1/A°P*(p) < 1/A; or until (b) 1/A°P*(p) < 1/ (k1).
The former matches the condition for the first case discussed
in the previous paragraphs and therefore can be dealt with in
the same way as in the first case, which leads to (29). The
latter implies that 1/A; < 1/X°P"(p) < 1/ (k1), in which
case the power allocation can also be equivalently written as
(29). Note that during this process the sum-rate Z Z log(1 +

aq(k)pr(k)) increases. Therefore, summarizing the above two
cases of 1/X°Pt(p) < 1/X; and 1/A°P*(p) > 1/);, it is proved
that the sum-rate can be increased by reducing p,;(k1) from
/AL — 1/a;(k1) to (1/X; — 1/c; (k1)) and using the power
allocation in (29).

Step B: > R,;(A]) may be further increased. Keep the above

selected le unchanged. As long as there exists & such that
pi(k) = (/X — 1/a;(k1))t and pi(k) > 0, this k can
be selected as k; and the procedure of reducing p,;(k1) from
/N — 1/a;(ky) to (1/X; — 1/a;(k1))™ and spreading the
reduced power over «;(k)’s, Yk € Z; as specified in (29) can
be performed. This process can be repeated until p.;(k) =
(1/ A = 1/ ay(k))* Yk € {q € Ti|(1/X; — 1/ai(q))T > 0}
and pi(k) = 0,Vk € {q € T,|)(1/N; — 1/ai(q))T = 0}.
Note that the sum-rate > > log(l + a(k)pu(k)) in-
Uk

creases in the above process for every qualifying k1. The
resulting power allocation on «a;(k)’s, V& € I, is equiv-
alent to p.(k) = (/A — 1/ay(k)T,Vk € I, since
(/A — VoK)t = 0if (/N — /e (k)T = 0.
From the procedure described in the previous paragraphes,
the resulting power allocation on «;(k)’s, V& € Z; is
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pei(B) = (1/); — 1/a;(k))T,Vk. According to the power
constraint Y Tr{P(A;)} = > Tr{P,;(\))} and the fact that

1 !
the total power consumption is fixed at all time, it can be seen
that 1/)\j = 1/)\j.
Summarizing the above two steps, Lemma 2 is proved. H

B. Proof of Lemma 3

Given that A} < A;, wehave A; < AL < \; < )\’, According
to Lemma 2, there exists A; < A} such that

Tr{Pn(A)} + Tr{P.;(A;)}
= Te{Pyi(X)} + Tr{P,; (M)} (31)
and
Rei(N)) + Rej(N;) > Rua(N) + R (V). (32)
Therefore, given that
Rei(A) + Ruj(X) = Rui(Ni) + Ry (M) (33)
it is necessary that S\i > \;. As aresult, it leads to
Te{P(A)} + Tr{Pw;(A)}
< Tr{Pu(X)} + Tr{Py (A))}. - (34)
Lemma 3 is thereby proved. ]

C. Proof of Theorem 1

First we prove that the optimal water-levels must sat-
isfy the condition (18a). It can be seen that the max-
imum R™(B,D) is achieved with minimum power
consumption using A1 = Ay = max{A’ x0 1 when
min{1/p9,1/u8} > 1/pima at optimality. Therefore, it
is necessary that min{1/u9,1/p3} < 1/ub, given that
A1 # Ao at optimality. Let us consider the case when
min{1/A,1/A2} = 1/A < 1/X; at optimality. Ac-
cording to the constraint (15a), we have that 1/\; < 1/p3
at optimality. Similarly, it can be seen that 1/Xs < 1/u
at optimality. Since 1/A; < 1/)g, it leads to the result
that 1/)\1 < 1/u2 < 1/uY at optimality. Assuming that
min{1/u,1/48} ;é 1/)\1 at optimality when A1 # Ao, it in-
fers that 1 / A< 1/pd < 1/As. However it can be seen that the
power allocation using 1/A; < 1/19 < 1/A2 does not provide
the maximum achievable R*(B, D) according to Lemma 2.
Consequently, the resulting power allocation is not optimal.
It contradicts the assumption that min{1/p%,1/u3} # 1/
at optimality. Thus, the above assumption is invalid and
it is necessary that min{1/u9,1/u3} = 1/A; at opti-
mality when Ay # As. Similarly, it can be proved that
min{1/u%,1/u8} = 1/X5 at optimality when A\; # \o for the
case when min{1/A1,1/A2} = 1/As < 1/A;. Therefore, it
always holds true that min{1/A;,1/A2} = min{1/uy,1/43}
if Ap # Aa.

Next we prove that the optimal water-levels must sat-
isfy condition (18b). It is straightforward to see that
1/A&7 = 1/xy < 1/AY. Moreover, according to the
constraints (15a) and (15b), it is not difficult to see that
/A1 = 1/A0 <min{1/u9,1/p8,1/u8 .} when 1/A; = 1/Xs
at optimality. Indeed, if 1/A; = 1/Xs > 1/uC ., then (15b)
cannot be satisfied. If 1/A\; = 1/Xy > min{1/u?,1/13},
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then (15a) cannot be satisfied. Combining the above two facts,
we have 1/X1 = 1/xo < min{1/u, 1/p9,1/u8,.,1/20}
when 1 / A1 = 1/Ay at optimality. For the case that
min{1/p9,1/p9} > 1/48,, the above constraint can be
written as 1/A; = 1/Xy < min{1/4%,.1/A%}. For this case,
it is straightforward to see that the achieved sum-rate is not
maximized if 1/A\; = 1/Ay < min{1/p%,,1/A°}. Therefore,
the optimal water-levels must satisfy the condition (18b) when
min{1/p9,1/p9} > 1/u8, given that 1/A; = 1/Xy. For
the case when min{1/uy,1/uS} < 1/4%., it can be seen
that 1/X°% < min{1/py,1/u9} given that 1/A; = 1/X, at
optimality. Otherwise, it can be shown that either of the fol-
lowing two results must occur. If 1/AY > min{1/u?,1/u)
and 1/A1 = 1/X2 < min{1/uY,1/k3}, then the sum-rate
can be increased. If 1/AY > min{1/4y,1/u9} and
/A = 1/Xx2 > min{1/u9,1/49}, then the constraint
(15a) cannot be satisfied. Therefore, given that 1/)\° <
min{1/u9,1/u9} for the case when min{1/p?, 1/p3} <
1/pd, and 1/A; = 1/Xs at optimality, we have 1/A° <
min{1/u9,1/p9} < 1/ud.. Consequently, the constraint
/A = 1/xe < min{1/p8,1/p9,1/18,,1/X°} can be
rewritten as 1/\; = 1/Xy < 1/A% = min{1/p2,1/)"}. Itis
straightforward to see for this case that 1/A; = 1/Xg < 1/AY
does not maximize the sum-rate. Therefore, it can also be con-
cluded that 1/)\1 = 1//\2 =1/ = min{1/p%,,1/A"} when
min{1/p¥,1/p49} < 1/uL .. Combining the above two cases of
min{1/p9,1/p9} > 1/p0, and min{1/p9, 1/p5} < 1/48,,
it can be seen that the optimal water-levels always satisfy the
condition (18b) given that 1/A; = 1/A,.

The above two parts complete the proof of Theorem 1. &

D. Proof of Theorem 2

The necessity of the constraints (15a) and (15b) is straight-
forward. It can be seen that the power consumption can be re-
duced without reducing the sum-rate R2*¥(B, D) when these
constraints are not satisfied. The necessity of the constraints
(18a) and (18b) is proved in Theorem 1 in Appendix C. There-
fore, we next prove the sufficiency of the constraints (15a),
(15b), (18a), and (18D).

We use proof by contradiction. Assume that the above con-
strains are not sufficient to determine the optimal {A1, A2} with
minimum power consumption among all {A1, A }’s that maxi-
mize the sum-rate R (B, D). Then there exists {A], Al} sat-
isfying (15) and (18a)—(18b) that maximizes the sum-rate and
does not minimize the power consumption. Consequently, at
least one of 1/A] and 1/A} can be reduced without reducing
R"™(B, D). We consider the following two cases. The first case
is when A} # X, while the second case is when M=
the first case, {A], Ay} satisfies (18a) and it is straightforward
to see that reducing min{1/A{.1/A!} is not optimal according
to Lemma 3. Reducing max{1/A!,1/AL}, on the other hand,
necessarily leads to the decrease of R*™ (B, D) given that (15Db)
is satisfied. Therefore, reducing either of 1/A] Aland1 /A M results
in the decrease of the sum-rate, which contradlcts the previous
assumption. In the second case, {)\T M 4} satisfies ( 18b). Ac-
cording to Theorem 2, it is necessary that 1/A] = 1/A] =
min{1/49,.,1/A°}. From Lemma 2, it can be seen that it is not
optimal to reduce only one of 1/AT and 1/A}. Reducing both of
1/A] and 1/A}, on the other hand, necessarily leads to the de-
crease of ' (B, D) given that (15b) is satisfied. Therefore, it
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is impossible that there exists {A], AL} with AT = Al satisfying
(15) and (18b), that maximizes the sum-rate while the resulting
power consumption can be reduced. Combining the above two
cases, it can be seen that the power consumption cannot be re-
duced given that the {A], \]} maximizes the sum-rate subject
to the relay power limit and satisfies (15) and (18a)—(18b). This
contradicts the assumption that the above constrains are not suf-
ficient to determine the optimal { A1, A2} with minimum power
consumption among all {1, A2}’s that maximize R (B, D).
This completes the proof for Theorem 2. [ |

E. Proof of Theorem 3

The optimality of the pair {A1, A2} obtained using the algo-
rithm in Table I is proved in three steps: A) Steps 2—5 of the algo-
rithm in Table I find {1, A2} that maximizes R**(B, D?) with
minimum power consumption subject to the constraint in (11)
and the constraint (15a). B) The pair {A1, A2} obtained from
Steps 2-5 of the algorithm in Table I needs to be modified to
maximize the objective function in (11) with minimum power
consumption. Step 6 of the algorithm in Table I deals with two
cases in which { A1, A2} obtained from the previous steps can be
simply modified to obtain the optimal pair {A1, A2}. C) Step 7
of the algorithm in Table I deals with the remaining case which
is more complicated and finds the corresponding optimal pair
{A1, A2} in this case. It is not difficult to see that the constraint
in (11) is always satisfied in any step of the proposed algorithm.
It can also be seen that Steps 1, 2, and 6 ensure that (18b) is sat-
isfied if A; = A2 at the output of the algorithm while Steps 3 to
5 ensure that (18a) is satisfied if A; # Ao at the output. There-
fore, in the following we only consider the constraints (15a) and
(15b), which are equivalent to the constraints in (12).

A) Steps 2-5 find the pair { A1, A2 } that maximizes (B, D)
with minimum power consumption subject to the constraint
(15a). Note that the maximum R(B, DY) with minimum power
consumption is achieved by R;1(A1) + R2(X2) for some
specific {A1, A2} if (15a) is satisfied. Therefore, it is equivalent
to finding such {A1, A»} that maximizes Ry1(A1) + Rea(A2)
subject to (15a). The initial power allocation in Step 1 of the
algorithm in Table I using 1/A; = 1/A2 = 1/A° maximizes
er()\l) + er()\z). Regarding the constraint (15a), the fol-
lowing cases are possible.

A-1) X > /.L V4. In this case, the constraint (15a) is satisfied
and {A\°, A9} 1s the desired {/\1 Ao}

A-2) )\ < [LJ and A; > pY. In this case, the constraint (15a) is
not satisfied for ¢. The relay power consumption can be reduced
without decreasing (B, DY) by increasing A; until A; = ,u?.
Then, R(B,DV) can be increased by decreasing \; until the
relay power limit is reached or until A; = .

A-3) A < /L?,Vi. In this case, it is straightforward to see
that the pair { A1, Az} that maximizes 22(B, D) with minimum
power consumption subject to the constraint (15a) satisfies A; =
pl, Vi,

]The above three cases are determined in Step 2. Case A-1 is
dealt with in Step 2 of the algorithm in Table I. Case A-2 is dealt
with in Steps 3 and 4. Case A-3 is dealt with in Steps 3 and 5.

B) Steps 6 and 7 of the algorithm in Table I find the op-
timal pair {A;, Az} that maximizes the objective function in
(11) with minimum power consumption. Since R™*(D%) <
R1, (DY) + Ry, (DY), it can be seen that \;, Vi should either
increase or remain the same in order to satisfy the constraint
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(15b) given that the constraint (15a) is satisfied. Therefore, the
optimal power allocation can be derived by increasing A; and/or
Ao, if necessary, based on the power allocation derived from
Steps 1-5. Regarding the constraint (15b), the following cases
are possible. .

B-)A; > pl . Vior (A > pl, Ay < pl, and Ri(Aq) +

rg()\g) < R™2(DY)). In this case, the constraint (15b) is sat-
isfied and the current { Ay, A2} is optimal.

B-2) A< /L?na,Vi and er()\l) —+ RrQ(/\Q) > Rma(DO). In
this case, it is not difficult to see that it is optimal to simply set
A= b Vi

B-3) A\, > 0
Rma(DO)

Subcases B-1 and B-2 are simple and dealt with in Step 6 of
the algorithm in Table I. Subcase B-3 is dealt with in Step 7. The
optimal strategy in Subcase B-3, as in Step 7 of the algorithm
in Table I, is to increase A; while keeping A; unchanged until
Rei(M) + Ria(As) = R™(DO). In order to prove that this
strategy is optimal, the following three points are necessary and
sufficient.

1. Itis optimal to increase min{ Aib.

A= /1 if \; > p9, and )\ <l
3 At opt1mal1ty, the 1ncreased Aj, denoted as A}, satisfies
Aj < N <l
The first point states that it is optimal to increase A; as long
as A; < A;. The second point infers that it is not optimal to de-
crease A;. The third point infers that A’ is always smaller than
A; and therefore it is not optimal to 1ncrease A; at any time.
The first point follows from Lemma 3. For the second point,
assume that A; > pJ. It follows that all P/*** is used up, i.e.,
prex — Z 2(1/)\1 — 1/ay(k))™. Otherwise, the equality in

the constralnt (lSa) is not achieved for 7 and the objective func-
tion in (11) can be increased by decreasing A;, which contra-
dicts Steps 1-5 of the algorithm in Table I. Given that A; > u?
and P™* = S 5(1/X; — 1/aq(k))*, it can be proved that

Ik

1/A; > 1/A;. Otherwise, the power allocation can be proved
not optimal based on Lemma 2 because the objective function
in (11) is not maximized subject to the constraint (15a), which
contradicts Steps 1-5 of the algorithm in Table I. However, the
conclusion that 1/A; > 1/A; contradicts Subcase B-3 in which
N> opdoo < [l,ma Thus, the assumption that A; > ,u

invalid. Slnce A > /1 ) at the output of Steps 1-5 of the algo-
rithm in Table I, we have A = [t For the third point, assume

that \; > p2 .. Then it follows that Ra(M) + ]A?rz()\g) <
Rma(DO) which is not optimal. Therefore, A} < uj,, at op-
timality of Subcase B-3.

C) Finally, we prove that /\;- found in Step 7 of the algorithm
in Table I for Subcase B-3 is optimal. The optimal )\;- for Case
B-3 is the solution to the following optimization problem

ma? )\ < llmd and }?1'1(/\1) + ﬁl‘?(/\Q) >

ma

min )\—/

J

s.t. ]A?”()\Z) + f?rj()\g)

Using the definition that p,;(k) = (1/)\ — 1/e;(k))* and
ME = {k|pm( ;) > 0}, the constraint in (35) is equal to

+ > log

keM+

(35a)

= R™=(DY). (35b)

Rma(D(]) (36)
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As previously proved, A\; = u(; in Case B-3, which means that
R:i(Xi) = Rjx(DY). Thus, equation (36) can be rewritten as

z log “A”A(,.k) = R™(D°) — R;(DY). (37)
J

keM,

Therefore, the optimal /\’, satisfies

(M| log A = Z log aj(k) — R™*(D) + R;.(DY) (38)
keij

and the optimality of the water level )\; found in Step 7 of the
algorithm in Table I is proved.
The proof of Theorem 3 is thereby complete. ]

REFERENCES

[1] B. Rankov and A. Wittneben, “Spectral efficient protocols for half-
duplex fading relay channels,” IEEE J. Sel. Areas Commun., vol. 25,
no. 2, pp. 379-389, Feb. 2007.

A. Khabbazibasmenj, F. Roemer, S. A. Vorobyov, and M. Haardt,

“Sum-rate maximization in two-way AF MIMO relaying: Polynomial

time solutions to a class of DC programming problems,” IEEE Trans.

Signal Process., vol. 60, no. 10, pp. 5478-5493, Oct. 2012.

C.Y.Leow, Z. Ding, and K. K. Leung, “Joint beamforming and power

management for nonregenerative MIMO two-way relaying channels,”

IEEE Trans. Veh. Technol., vol. 60, no. 9, pp. 4374-4383, Nov. 2011.

S.Xu and Y. Hua, “Optimal design of spatial source-and-relay matrices

for a non-regenerative two-way MIMO relay system,” IEEE Trans.

Wireless Commun., vol. 10, no. 5, pp. 1645-1655, May 2011.

R. Wang and M. Tao, “Joint source and relay precoding designs for

MIMO two-way relaying based on MSE criterion,” [EEE. Trans.

Signal Process., vol. 60, no. 3, pp. 1352-1365, Mar. 2012.

A. Khabbazibasmenj and S. A. Vorobyov, “Power allocation based

on SEP minimization in two-hop decode-and-forward relay net-

works,” IEEE Trans. Signal Process., vol. 59, no. 8, pp. 3954-3963,

Aug. 2011.

[7] 1. Hammerstrom, M. Kuhn, C. Esli, J. Zhao, A. Wittneben, and G.

Bauch, “MIMO two-way relaying with transmit CSI at the relay,”

in Proc. IEEE Signal Process. Adv. Wireless Commun. (SPAWC),

Helsinki, Finland, Jun. 2007, pp. 1-5.

K. Jitvanichphaibool, R. Zhang, and Y.-C. Liang, “Optimal resource

allocation for two-way relay-assisted OFDMA,” IEEE Trans. Veh.

Technol., vol. 58, no. 7, pp. 3311-3321, Sept. 2009.

Q.F.Zhou, Y. Li, F. C. M. Lau, and B. Vucetic, “Decode-and-forward

two-way relaying with network coding and opportunistic relay selec-

tion,” IEEE Trans. Commun., vol. 58, no. 11, pp. 3070-3076, Nov.

2010.

[10] I Krikidis, “Relay selection for two-way relay channels with MABC
DF: A diversity perspective,” IEEE Trans. Veh. Technol., vol. 59, no.
9, pp. 4620-4628, Nov. 2010.

[11] P.LiuandL.-M. Kim, “Performance analysis of bidirectional communi-
cation protocols based on decode-and-forward relaying,” IEEE Trans.
Commun., vol. 58, no. 9, pp. 2683-2696, Sept. 2010.

[12] M. Pischella and D. Le Ruyet, “Optimal power allocation for the
two-way relay channel with data rate fairness,” I[EEE Commun. Lett.,
vol. 15, no. 9, pp. 959-961, Sep. 2011.

[13] T. J. Oechtering and H. Boche, “Stability region of an optimized
bidirectional regenerative half-duplex relaying protocol,” IEEE Trans.
Commun., vol. 56, no. 9, pp. 1519-1529, Sep. 2008.

[14] T. J. Oechtering and H. Boche, “Optimal transmit strategies in
multi-antenna bidirectional relaying,” in Proc. IEEE Int. Conf.
Acoust., Speech, Signal Process. (ICASSP), Honolulu, HI, USA, Apr.
2007, vol. 3, pp. 145-148.

[15] T.J. Oechtering, E. A. Jorswieck, R. F. Wyrembelski, and H. Boche,
“On the optimal transmit strategy for the MIMO bidirectional broadcast
channel,” IEEE Trans. Commun., vol. 57, no. 12, pp. 3817-3826, Dec.
2009.

[2

—

[3

—_—

[4

[}

[5

[k}

[6

—_

8

[t}

[9

[}

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 61, NO. 14, JULY 15, 2013

[16] J. M. Park, S.-L. Kim, and J. Choi, “Hierarchically modulated net-
work coding for asymmetric two-way relay systems,” IEEE Trans. Veh.
Technol., vol. 59, no. 5, pp. 2179-2184, Jun. 2010.

[17] Y. Tian, D. Wu, C. Yang, and A. F. Molisch, “Asymmetric two-way
relay with doubly nested lattice codes,” IEEE Trans. Wireless
Commun., vol. 11, no. 2, pp. 694-702, Feb. 2012.

[18] J. Gao, J. Zhang, S. A. Vorobyov, H. Jiang, and M. Haardt, “Power
allocation/beamforming for DF MIMO two-way relaying: Relay and
network optimization,” in Proc. IEEE Global Telecommun. Conf.
(GLOBECOM), Anaheim, CA, USA, Dec. 2012, pp. 5657-5662.

[19] A. Goldsmith, S. A. Jafar, N. Jindal, and S. Vishwanath, “Capacity
limits of MIMO channels,” IEEE J. Sel. Areas Commun., vol. 21, no.
5, pp. 684-702, Jun. 2003.

[20] M. Chen and A. Yener, “Power allocation for F/TDMA multiuser
two-way relay networks,” IEEE Trans. Wireless Commun., vol. 9, no.
2, pp. 546-551, Feb. 2010.

[21] C.H. Liu and F. Xue, “Network coding for two-way relaying: Rate re-
gion, sum rate and opportunistic scheduling,” in Proc. IEEE Int. Conf.
Commun. (ICC), Beijing, China, May 2008, pp. 1044—1049.

[22] J. Liu, M. Tao, Y. Xu, and X. Wang, “Superimposed XOR: A new
physical layer network coding scheme for two-way relay channels,” in
Proc. IEEE Global Telecommun. Conf. (GLOBECOM), Honolulu, HI,
USA, Dec. 2009.

[23] CVX: Matlab Software for Disciplined Convex Programming [On-
line]. Available: http://cvxr.com/cvx/

Jie Gao (S’09) received the B.Eng. degree in elec-
tronics and information engineering from Huazhong
University of Science and Technology, Wuhan,
China, in 2007 and the M.Sc. degree in electrical
engineering from the University of Alberta, Ed-
monton, Alberta, Canada, in 2009. He is currently
working towards his Ph.D. degree at the University
of Alberta. His research interests include applica-
tions of optimization and game theoretic methods in
signal processing for multiuser communications and
cooperative networks.

Sergiy A. Vorobyov (M’02-SM’05) received the
M.Sc. and Ph.D. degrees in systems and control from
Kharkiv National University of Radio Electronics,
Ukraine, in 1994 and 1997, respectively.

He is a Professor (currently on leave) with the De-
partment of Electrical and Computer Engineering,
University of Alberta, Edmonton, AB, Canada
and with the Department of Signal Processing
and Acoustics, Aalto University, Finland. He has
been with the University of Alberta as an Assis-
tant Professor (2006-2010), Associate Professor
(2010-2012), and Full Professor since 2012. Since his graduation, he also
held various research and faculty positions at Kharkiv National University of
Radio Electronics, Ukraine; the Institute of Physical and Chemical Research
(RIKEN), Japan; McMaster University, Canada; Duisburg-Essen University
and Darmstadt University of Technology, Germany; and the Joint Research
Institute between Heriot-Watt University and Edinburgh University, U.K.
He has also held short-term visiting positions at Technion, Haifa, Israel and
Ilmenau University of Technology, Ilmenau, Germany. His research interests
include statistical and array signal processing, applications of linear algebra,
optimization, and game theory methods in signal processing and communica-
tions, estimation, detection, and sampling theories, and cognitive systems.

Dr. Vorobyov is a recipient of the 2004 IEEE Signal Processing Society Best
Paper Award, the 2007 Alberta Ingenuity New Faculty Award, the 2011 Carl
Zeiss Award (Germany), the 2012 NSERC Discovery Accelerator Award, and
other awards. He served as an Associate Editor for the IEEE TRANSACTIONS ON
SIGNAL PROCESSING from 2006 to 2010 and for the IEEE SIGNAL PROCESSING
LETTERS from 2007 to 2009. He was a member of the Sensor Array and Multi-
Channel Signal Processing Committee of the IEEE Signal Processing Society
from 2007 to 2012. He is a member of the Signal Processing for Communi-
cations and Networking Committee since 2010. He has served as the Track
Chair for Asilomar 2011, Pacific Grove, CA, the Technical Co-Chair for IEEE
CAMSAP 2011, Puerto Rico, and the Tutorial Chair of ISWCS 2013, Ilmenau,
Germany.



GAO et al.: SUM-RATE MAXIMIZATION WITH MINIMUM POWER CONSUMPTION FOR MIMO DF TWO-WAY RELAYING— PART I

Hai Jiang (M’07) received the B.Sc. and M.Sc. de-
grees in electronics engineering from Peking Univer-
sity, Beijing, China, in 1995 and 1998, respectively,
and the Ph.D. degree (with an Outstanding Achieve-
ment in Graduate Studies Award) in electrical engi-
neering from the University of Waterloo, Waterloo,
Ontario, Canada, in 2006. Since July 2007, he has
S been a faculty member with the University of Al-
N o berta, Edmonton, Alberta, Canada, where he is cur-
,’/ Q0 /| ‘ rently an Associate Professor at the Department of
Electrical & Computer Engineering. His research in-
terests include radio resource management, cognitive radio networking, and
cross-layer design for wireless multimedia communications.

Dr. Jiang is an Editor for the IEEE TRANSACTIONS ON VEHICULAR
TECHNOLOGY and the IEEE WIRELESS COMMUNICATIONS LETTERS. He served
as a Co-Chair for the Wireless and Mobile Networking Symposium at the IEEE
International Conference on Communications (ICC) in 2010. He received an
Alberta Ingenuity New Faculty Award in 2008 and a Best Paper Award from
the IEEE Global Telecommunications Conference (GLOBECOM) in 2008.

Jianshu Zhang (S’09) received the B.E. degree
in computer science from Sichuan University,
Chengdu, China, the MBA degree in global manage-
ment and the M.Sc. degree in electrical engineering
from Bremen University of Applied Sciences,
Bremen, Germany, the M.Sc. degree in computer
science and communications engineering from
University of Duisburg-Essen, Duisburg, Germany,
in 2003, 2004, 2006, and 2009, respectively. Since
January 2010 he has been a research assistant in the
Communications Research Laboratory at Ilmenau
University of Technology. His research interests include multidimensional
signal processing, optimization theory as well as multi-user MIMO precoding
and relaying.

4™

3577

Martin Haardt (S’90-M’98-SM’99) has been
a Full Professor in the Department of Electrical
Engineering and Information Technology and Head
: of the Communications Research Laboratory at
'K Ilmenau University of Technology, Germany, since
- N 2001. Since 2012, he has also served as an Honorary
;’/ Visiting Professor in the Department of Electronics
at the University of York, UK. After studying elec-
. trical engineering at the Ruhr-University Bochum,
Germany, and at Purdue University, USA, he re-
ceived his Diplom-Ingenieur (M.S.) degree from the
Ruhr-University Bochum in 1991 and his Doktor-Ingenieur (Ph.D.) degree
from Munich University of Technology in 1996. In 1997 he joint Siemens
Mobile Networks in Munich, Germany, where he was responsible for strategic
research for third generation mobile radio systems. From 1998 to 2001 he
was the Director for International Projects and University Cooperations in the
mobile infrastructure business of Siemens in Munich, where his work focused
on mobile communications beyond the third generation. During his time at
Siemens, he also taught in the international Master of Science in Communica-
tions Engineering program at Munich University of Technology. Martin Haardt
has received the 2009 Best Paper Award from the IEEE Signal Processing
Society, the Vodafone (formerly Mannesmann Mobilfunk) Innovations-Award
for outstanding research in mobile communications, the ITG best paper award
from the Association of Electrical Engineering, Electronics, and Information
Technology (VDE), and the Rohde & Schwarz Outstanding Dissertation
Award. In the fall of 2006 and the fall of 2007 he was a visiting professor at the
University of Nice in Sophia-Antipolis, France, and at the University of York,
UK, respectively. His research interests include wireless communications, array
signal processing, high-resolution parameter estimation, as well as numerical
linear and multi-linear algebra. Prof. Haardt has served as an Associate Editor
for the IEEE TRANSACTIONS ON SIGNAL PROCESSING (20022006 and since
2011), the IEEE SIGNAL PROCESSING LETTERS (2006-2010), the RESEARCH
LETTERS IN SIGNAL PROCESSING (2007-2009), the HINDAWI JOURNAL OF
ELECTRICAL AND COMPUTER ENGINEERING (since 2009), the EURASIP
SIGNAL PROCESSING JOURNAL (since 2011), and as a guest editor for the
EURASIP JOURNAL ON WIRELESS COMMUNICATIONS AND NETWORKING. He
has also served as an elected member of the Sensor Array and Multichannel
(SAM) technical committee of the IEEE Signal Processing Society (since
2011), as the technical co-chair of the IEEE International Symposiums on
Personal Indoor and Mobile Radio Communications (PIMRC) 2005 in Berlin,
Germany, as the technical program chair of the IEEE International Symposium
on Wireless Communication Systems (ISWCS) 2010 in York, UK, as the
general chair of ISWCS 2013 in Ilmenau, Germany, and as the general co-chair
of the 5-th IEEE International Workshop on Computational Advances in
Multi-Sensor Adaptive Processing (CAMSAP) 2013 in Saint Martin, French
Caribbean.




