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Abstract. In this work, we consider a downlink non-orthogonal mul-
tiple access (NOMA) network where multiple single-antenna users are
served by multiple multi-antenna base stations (BSs). For practical con-
siderations, we assume that only the imperfect channel state informa-
tion (CSI) of each user is available at the BSs. Based on this model,
the problem of joint user grouping and robust beamforming design is
formulated to minimize the sum transmission power, and meanwhile,
guarantee the quality of service requirements of users. Due to the integer
variables of user grouping, coupling effects of beamformers, and infinitely
many constraints caused by the imperfect CSI, the formulated problem
is challenging to solve. For computational complexity reduction, the orig-
inal problem is divided into a user grouping subproblem and a robust
beamforming design subproblem. First, the user grouping problem is effi-
ciently solved by a coalition formation game based algorithm. Then, for
the robust beamforming design problem, a semidefinite relaxation (SDR)
based method is proposed to produce a suboptimal solution efficiently.
Moreover, we provide a sufficient condition under which the SDR based
approach can guarantee to obtain an optimal rank-one solution, which
is theoretically analyzed. Simulation results demonstrate the efficacy of
the proposed algorithms.

Keywords: User grouping * Robust beamforming design - Coalition
formation game - Semidefinite relaxation

1 Introduction

To support the exponentially growing data traffic and the number of devices in
future wireless networks, non-orthogonal multiple access (NOMA) was proposed
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to serve multiple users simultaneously on the same resource block [1-3]. The
key idea of NOMA is to combine the superposition coding at the transmitter
and successive interference cancellation (SIC) at the receiver, as such the spec-
tral efficiency of wireless systems can be significantly improved [4,5]. Due to
its capability to provide superior spectral efficiency and massive connectivity,
NOMA has been applied to many aspects of wireless communication systems,
e.g., the Internet of Things network [6], intelligent reflective surface network [7],
and mobile edge computing network [8]. User grouping, also known as user pair-
ing, is one fundamental issue of NOMA. The impacts of user grouping on the
system performance have been intensively investigated from both performance
analysis and system design perspectives. For example, [9] studied the influences
of user pairing on the outage probabilities of users in the NOMA systems. [10]
proposed to use a branch-and-bound based algorithm to solve the joint user pair-
ing and power allocation optimally with the worst-case computation complexity
of NP-hard. To develop a computation-efficient algorithm for the user grouping
problem, matching theory based heuristic algorithms were presented in [10-12].

To benefit from additional spatial degrees of freedom, applying the multi-
antenna technique to NOMA is an important way to further improve the energy
and spectrum efficiency of the systems. To fully exploit the advantages of the
multi-antenna technique, beamforming design relying on the channel state infor-
mation (CSI) between the BS and users has been widely studied in the literature.
For example, For more practical applications, the beamforming designs for multi-
cell NOMA systems have been investigated in [13-15]. However, the above works
are all based on the assumption that the CSI is perfectly known by the system.
However, all the aforementioned works assumed that the CSI of the system can
be perfectly acquired. In practice, due to, e.g., imperfect channel estimation and
finite feedback or channel aging [16], the system can never have perfect CSI.
Therefore, it is interesting to investigate the robust design of communication
systems under imperfect CSI assumptions. The robust beamforming design has
been widely studied in the orthogonal frequency division multiple access systems,
and recently, has been extended to the NOMA system [17]. However, to the best
of our knowledge, none of the existing works considered the robust beamforming
design in multi-cell NOMA systems with interference channels.

In this paper, we study the joint user grouping and robust beamforming
design problem of a downlink multi-cell NOMA network with imperfect CSI
assumptions. The formulated problem is a mixed-integer programming prob-
lem. Due to the integer variables relevant to user grouping, coupling effects of
the downlink beamformers, and the infinitely many constraints brought by the
imperfect CSI, the resultant problem is challenging to solve. For computational
complexity reduction, the original problem is divided into the user grouping
subproblem and robust beamforming design subproblem. For the user group-
ing subproblem, we present a coalition formation game based algorithm to effi-
ciently determine the user grouping. Under imperfect CSI assumption, the worse-
case robust beamforming design problem, with signal-to-interference-noise-ratio
(SINR) and SIC constraints is also investigated. The coupling effects of the
beamformers, both from inter- and intra-group, make the formulated problem



Energy-Efficient Multi-cell NOMA Design via Coalition Formation Game 217

nonconvex and challenging to solve. Moreover, the imperfect CSI assumption
makes the considered problem much more complicated, since each of the worst-
case SINR or SIC constraints corresponds to an infinite number of nonconvex
constraints. The contributions of this work are summarized as follows:

— We formulate the joint user grouping and robust beamforming problem in
a multi-cell downlink NOMA system under imperfect CSI assumptions. For
computation-efficiency consideration, the original problem is decoupled into
two subproblems, i.e., the user grouping problem and the robust beamforming
problem. To solve the user grouping problem efficiently, we propose to use a
coalition formation game based user grouping algorithm.

— For the robust beamforming design problem. To simplify the corresponding
problem, we first use the semidefinite relaxation (SDR) based method to
transform the quadratic terms to beamformers into linear ones, and then, the
S-lemma is invoked to deal with the infinitely many constraints caused by the
imperfect CSI. By omitting the rank-one constraints, the reformulated prob-
lem refers to the semidefinite programming (SDP) problem, which is convex
and can be efficiently solved by the existing optimization tools. Further, to
gain more insights into the proposed SDR-based algorithm, a sufficient con-
dition, under which the rank-one optimality of the obtained solution can be
guaranteed, is provided and the rank-one optimality of the obtained solution
is theoretically proved.

2 System Model and Problem Formulation

Consider a downlink multi-cell network which consists of M multi-antenna BSs
and K single-antenna users with K > 2M. Let M £ {1,2,...,M} and K £
{1,2,..., K} denote the index sets of BSs and users, respectively. The randomly
deployed users are grouped into M non-overlapping user groups, i.e., C,, NCsy =
0,Vn # 7 where C, £ {U,;1, Upa, ..., Uy, } denotes the user set of the n-th group
and N,, = |Cp| is the number of users in the n-th group, satisfying Zflw:l N, =K.
Each group is served by a BS.

Denote by, hZ . € CMt, the channel from BS m to U,. As discussed previ-
ously that the BSs inevitably suffer from CSI errors in practical systems. Thus,
imperfect CSI model is considered in this work. Let hyne € CNt denote the
pre-assumed CSI at the BS m for U,;. Then, the real CSI between BS m and
U, is given by

hmnk - hmnk + emnkavman S Mv ke Cnv (1)

where €,,,x is the bounded CSI error associated with h,,,%. In particular, the
bounded CSI error can be modelled by

egnkankemnk <1,Vm,n € M,k € C,, (2)

where Q € HV* determines the range and shape of the CSI error. For instance,
Q= E%I N, characterizes the popular spherical error model ||ep.k||* < €2.
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For spectral efficiency consideration, the NOMA technique is applied to each
user group. Following the rationale of NOMA, the signals of users in group n
are combined by using the superposition coding technique, then the users with
stronger channel conditions will first remove the signals for the users with weaker
channel conditions by invoking the SIC technique. Let s,; € C denote the signal
for user k in group n with E{|s,x|?} = 1. So, after superposition coding, the
transmit signal of BS n is given by

N,

Sp = anksnlmvn € M7 (3)

k=1

where w,; is the beamformer for U,;. The received signal at U, is give by

N, M N,
H H H
Ynk :hnnkwnksnk + hnnk E WipiSni + E hmnk E WmiSmi + Znk, (4)
i#k m#mn i=1

where z,; € C is the received additive white Gaussian noise at U, with zero
mean and variance o2,. The first item in (4) denotes the desired signal of Uy,
the second and third items in (4) denote the intra-cell and inter-cell interference,
respectively.
Without loss of generality, we assume that the users, in each group, are
ordered by their channel gains in a descending manner, i.e., [hyn1|? > [hyne|? >
-+ > |hynn, |2 Thus, according to the principle of NOMA, U, would first
remove the information, s,;, for U,,; for j > k by using SIC, and then decoding
its own information. Based on the above model, the SINR for decoding s,;,
Vj > k, at U, in the SIC process is given by

SINRZTI: ({W’ﬂk}Vn,ku {hmnk}Vm,n,k)
|hrIL{nkwnJ ‘2

= -1 M N,
> Il wal? + Zm#n it Il winil? + oy

H
) Vemnk ankemnk‘ < 1.

(5)

After s,; is removed from the received signal, the SINR at Uy, for decoding s,
is given by

SINR?]?C ({Wnk}Vn,kv {hmnk}Vm,n,k)

|hankWnk|2

T k-1 M N
Dim1 |hfnkwm'|2 + Zm,;én > it \hﬁnkwmiP + Jik

H
7vemnk ankemnk S 1.

(6)

Based on the above model, the energy-efficient joint user-grouping and robust
beamforming design problem can be formulated as

M Njp

min Z Z ||Wnk||2 (7a)

{Cn iy AWnk}n,k n=1k=1
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s.t. CoNCpr = 0,Vn # n' (7b)
SINRZIZJ ({Wnk}n,k, {hmnk}m,n,k) > Ynj,
vef@nkankemnk <1l,m,né& M, ke Cn,j > k, (70)
SINR?{],: ({Wnk}n,ka {hmnk}m,n,k> Z Ynk,
vefr{nkankemnk <l,m,ne M,k eC,, (7d)
Np,
Z ||ank||2 < Pmax,vn S M, (76)
k=1

where Ppax is the transmission power budget of BS, (7b) represents that each
user will be uniquely assigned into one group, (7¢) guarantees the success of SIC
procedure at each user, and (7e) signifies the Quality-of-Service requirement for
each user.

It is not difficult to verify that problem (7) is a nonconvex optimization
problem due to the coupling of the quadratic beamforming vectors and also the
channel uncertainty. To efficiently produce a high-quality solution to problem
(7), similar to [11,12,18], we will decouple it into two subproblems, i.e., the user
grouping problem and the robust beamforming design problem. In the following
sections, the user paring problem and the robust beamforming design problem
will be solved alternatively. Specifically, the user paring problem is solved by a
coalition formation game based algorithm and the robust beamforming design
problem is handled by the semidefinite relaxation based algorithm.

3 Coalition Formation Game Based Algorithm for User
Grouping

In this section, we solve the user paring problem via the coalition formation
game based algorithm. To this end, we first introduce the definition of a coalition
formation game.

Definition 1 (Coalition Formation Game [19]). A coalition formation game is
given by a pair (K, P), where K is the set of players, and P = [>~1, >2, ..., = k]|
denotes the preference profiles, specifying for each player k € I its preference
relation >.

In this work, the mobile users are viewed as players, and BSs are viewed as
coalitions. The set of players is K = {Uy, Us, ..., Uk }. For the sake of distinction,
denote C = {C4,Cy,...,Cypr} as the set of coalitions. Users who are associated
with the same BS are referred to as players who join the same coalition. We
assume that players are more willing to join the coalition yielding higher social
welfare. In other words, they are cooperative rather than rational (selfish).

At the beginning of coalition formation, each player proposes to joint a coali-
tion according to its preference list which is built based on the consumed transmit
power and can be described as follows:

UPF(k) = [CC(l)ch(Q)v' - 7CC(j)’ - aCC(K)LVk ek, (8)



220 Y. Xu et al.

where the lists are sorted in an ascending order of the consumed power. The
preference lists satisfy the condition that the BS who can provide the minimum
consumed power in the coalition set will be ranked as the first one. This can be
described as

U(k); = U(k)j, Yk e K 9)

for all k£, j in K and C respectively. This means that player k prefers to form
coalition with BS j to j’ if the total consumed power of user pair (U;, C;) is less
than that of the user pair (U;, C;/).

To better handle the minimization of the total transmit power, we introduce
the swap operation between two players, e.g., U; and U, in K and the corre-
sponding two matched coalitions, e.g., F(U;/) and F(U; ), in C in the coalition
formation process. The swap operation can be defined by

Fi' = F\{(U;, F(U.)), (U, F(Ui))}
U{(Us, F(U)), (Ui, F(U))}, (10)

where U; and U;s switch the matched BSs while keeping other coalitions invari-
ant. Based on the swap operation, we define the swap blocking pair as below:

Definition 2 (swap blocking pair). Given a matching F and two user pairs
(U;,C;) and (U, Cjr). If there exists a new coalition formation F} such that
the total transmit power of the new user pairs gets a decrease, then the swap
operation is approved, and (U;, C;/), (U;/, C;) are swap blocking pairs under the
coalition formation F .

Note that the above definition implies that there is a benefit by exchanging
the coalition formation of (U;,C;), (Uy,Cjs) and this operation will not hurt
the benefit of other coalitions. Thus, with this new coalition formation, the
total transmission power of the system can be decreased. Based on the above
definitions, the coalition formation procedure can be described as follows. Firstly,
each user can be associated with a BS to form a potential swap blocking pair.
Then the system will check whether these two user pairs can get a benefit by
exchanging their current coalition formation. The users will keep performing
approved swap operations until they reach a stable status, which is known as
Nash stable. Its definition is described below.

Definition 3 (Nash-stable [20]). A coalition partition is Nash-stable if and only
if the following formula holds:

which implies that, in a Nash-stable partition, any player is more (at least as
well) willing to stay in its current coalition than to join other coalitions. In other
words, there does not exist such a coalition that any player strictly prefers over
its current one.
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As per the above definitions, we can develop a coalition formation game based
algorithm to solve the user pairing problem. The detailed procedure is summa-
rized in Algorithm 1. It is not difficult to verify that the coalition formation
game based algorithm can converge to a Nash-stable partition.

Algorithm 1. Coalition formation game based algorithm for user groping

1: Initialize preference lists for players as Upr(i),i € K.

Stage I : initial coalition formation
2: for i =1 to K do

3:  Each player U; requests to its preferred BS j according to Upp (7).

4:  if The number of joined players does not exceed the maximum of C; then

5: Player U; joins the coalition formation of C;.

6: else

7 U; will join the other coalition according to Upp(2).

8: end if

9: end for

Stage II : swap operation

10: repeat

11:  Search the coalition formation to check whether there exists swap blocking pair.

12:  if there is swap blocking pair then

13: Swap the user pair and update the current coalition formation.
14:  end if

15: until There is no swap blocking pair in the coalition formation.

The computational complexity of Algorithm 1 consists of two parts. One is
due to the initial coalition formation phase, which has a complexity order of
O(K). The other is due to the swap operations in the second phase. For each
user, there exist M — 1 possible BSs to do swapping, thus the complexity order
is given by O(K (M —1)). Therefore, the total complexity is O(M K'). Compared
to the optimal strategy using exhaustive search, which has a complexity order
of O(MX), the computational complexity of the proposed coalition formation
game based algorithm is dramatically decreased.

4 Solve the Robust Beamforming Design Problem

Once the user grouping is determined, problem (7) boils down to the robust
beamforming design problem. In this section, we will propose to use the SDR
method to solve the beamforming design problem, and the optimality of the
obtained solution is analyzed.
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4.1 SDR-Based Algorithm Design

To apply the SDR method, we first introduce a set of rank-one matrix W,, , =
woeWiL Vn, k. Then, by ignoring the rank-one constraint on the matrix, the
robust beamforming problem can be relaxed as

M N,
{wril]gmk ; ]; Tr(W k) (12a)
1 j—1 M m
st. hi, <‘anz Wnk> hynk ZZ n <Z W,m) honnk 402,
Tn i=1 m#n i=1
vegnkankemnk < 17m7naj > k; (12b)
1 k—1 M Nom
hTIL{nk <”Wnk_zwni> hnnk = Z h'rl;llnk <Z sz) hTYLnk+U?Lk?
n i=1 m#£n i=1
Veannkankemnk <1,m,n,k, (120)
Ny,
> Tr(Wak) < Prax, V1, (12d)
k=1
W, = 0,Vn, k, (12e)

which is a convex problem as the objective function and constraints are linear.
However, it is still computationally intractable due to the infinite number of
constraints. Next, to make problem (12) tractable, we propose the following
lemma.

Lemma 1. The infinitely many constraints in (12b) and (12c) can be equiva-
lently recast into the following finite number of linear matriz inequalities:

s ({Waitos, (Omnsdms Ao )

Anj + AankQurnk Anjhnnk
- flfnkAnj flfnkAnjflnnk - % Omnk — ofbk - /\mk] = 0,¥m,n,j >k,
" (13a)
L ({Wm'}?:u {Omnk }m, >\mnk)
Bk + Annk Qunk Boxhon
° [ B Bu B Bk — S5 Bk — 0% Am] = 0,m,n,k,
s (13D)

ank ({Wnt}fv:nh 0mnk7 )\mnk)

2 | =Com + Ak Qmnk —Co i
- b h h = 0,Ym,n, k 13
|: _hTI;ILnka _hfbnkcmhmnk + emnk + )\mnk:| = U, vm,n, K, ( C)
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where Appk > 0,Ym,n € M,k € C, are auxiliary variables and

j—1 k—1

An] oy Wn] ank7 Bnk - Twnk - anu
n i=1 i=1

N,
Cm = Wmi7

3

.
Il
—

Ve, k Qmnikemnk <1,

emnk = - max mnk} (Z sz) mnk-

Proof. The key idea to prove Lemma 1 is using S-lemma to handle the infinitely
many constraints. We omit it here due to the space limitation.

Based on Lemma 1, the SDP problem (12) can be equivalently reformulated

as
M N,

Tr(W 14a

(Wi} (O b Do) ZZ: kz::l (142)

s.t. @nj ({Wni}gzla {emnk}my Annk) i O,Vm,n,j > kv (14b)

Wk ({Wni}lev {Hmnk}ma /\nnk) = 0,Vm,n,k, (14(3)

ank ({an}i\;np Hmnlw )\mnk) = 07 vmv n, ka (14d)

Z ’I‘I‘ maxzvna (146)

Wnk = 03 Am,nk > O,Vn, ka (14f)

which is an SDP and thus can be efficiently solved by CVX.

Remind that problem (12) is a relaxed version of the original robust beam-
forming design problem by ignoring the rank-one constraints. Thus, one impor-
tant issue in solving problem (12) is to verify whether the obtained matrices from
solving problem (14) are rank-one. If it is true, then the optimal beamforming
vectors can be obtained by simply applying singular value decomposition to the
obtained matrices. Hence, it is interesting to explore the conditions under which
solving problem (14) can produce rank-one solutions.

4.2 Rank-One Optimality Analysis

The following Lemma provides a condition that can guarantee the rank optimal-
ity of problem (14).

Lemma 2. Suppose that problem (14) is feasible, the rank-one optimality can
be guaranteed if Quni = coln, for all n,k, i.e., no intra-cell CSI error.
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Proof. As perfect intra-cell CSI errors are available at the BSs, problem (12)
degrades to

=

n

M
min Tr(W 15a
{Wnk }Vn k Z 1 ( )

b
Il

n=1

s.t. lflfnk: < an ank> nnk

N,
> max Z hmnk <Z sz) flmnk + Oikavnv k? (15b)
i=1

vel emnk<1
mnanLnk mnk >4, m#n

k—1
~ 1 .
Ynk i—1
N
> max Z n <Z W,m) hynk ¢ + 02k, Y, k,  (15¢)
=1

Vemnkankemnkﬁl, m#n

ZT‘r maxavnu k7 (15d)

Wnk = 0,Yn, k. (15¢)

Again, by applying S-Lemma to the right-hand-sides of (15b) and (15¢), problem
(15) can be equivalently reformulated as:

M N,

{Wnk} Umnk Amnk Z Z TI‘ (163‘)

n=1k=1

s.t. flank (’y Wn] ank> nnk > Z Umnk + aikavnvka (16b)

m=1,m#n

. 1 - .
hy (Mwnk - anz> hypp > Z Vmnk + 0o, ¥, b, (16¢)
" i=1

m=1,m#n

N, Np, N
- Z sz+>\mnk ank - Z Wmihmnk
i=1 i=1 ~0,n,k,  (16d)

. N, R N, .
_hﬁnk Z Wmi_h'{ink ; W inihmnk +Vmnk + Amnk
Z Tr(W Prax, Y, k, (16e)

Wnk = 0,Vn, k. (16£)

We prove Lemma 2 by using the KKT conditions of (16). In particular, let
{051 {ensts Yo and Zy, denote the optimal dual variables associated with
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(16b), (16¢), (16d) and (16f), respectively. The KKT conditions related to W,
are as follows:

75, W3 =0, (17a)
or €r . .

ne=1In, — (’f + ’f) hy, bl 17b

: Ynj Tnk k ( )

we =0, W3 =0 (17¢)

First, note that, from (16¢), we can conclude that W7, > 0. Otherwise, we have

k—1
 H " 2
7hnnk Z Wnlhnnk > Z Umnk T Onks
i=1 m=1,m#n

which violates the fact that vy,,r > 0, 07211« > 0 and W,,; are positive semidefi-
nite. Then, also note that

0 =rank (Z;, Wr,) > rank (Z},) + rank (W}, ) — N;. (18)

So, we have rank (W, ) < N, — rank (Z7, ). Therefore, to prove that W is
rank-one, it suffices to prove that
* Opk . €nk \ [, [H
rank (Zy,) = rank ( Iy, — [ 2% + 2% ) hy,ichy
Tnj Tnk

nnk
rank (Z7,) > N, — 1. Finally, based on (18) and W%, > 0, we can conclude that
rank (Z7,) = Ny — 1 and rank (W, ) = 1. This completes the proof.

Notice that flnnk is a non-zero vector, thus rank (ﬁnnkﬁH ) = 1. So, we have

We note that, for a general setup, the solutions of problem (14) may not be
rank-one. In these cases, one can resort to the Gaussian randomization method
to produce approximated beamforming vectors based on the obtained non-rank-
one solutions [21].

5 Simulation Results

In this section, numerical simulations are present to verify the performance of
the proposed transmission schemes and algorithms. The large-scale path loss
is set to be PLpur = 128.1 + 37.610g,¢(dmnk) with dpne (in Km) denot-
ing the distance between the BS m and U,j, while the small-scale fading is
modelled by the standard Rayleigh fading. The White noise power density is
—174 dBm and the bandwidth is 10 MHz. The power budget of each BS is
set as Ppax = 36 dBm. The users are randomly deployed in a 500 m x 500
m square area. Without loss of generality, the QoS requirements of the users
are the same, i.e., Ve = v, Vm,n € M,k € C,. The spherical error model
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Sum power (dBm)

SNR requirement, v (dB)

Fig.1. The performance comparison of the centralized and decentralized algorithm
with M =4, N =3, N, =4, ¢ = 0.05 and v = 3 dB.

is used and we assume that the error bounds of all users are the same, i.e.,
Qe = Q= 6%INt,Vm,n € M,Vk € C,. For comparison, we introduce some
other user grouping approaches and transmission schemes, namely, the exhaus-
tive search based user grouping approach, OMA transmission scheme, and non-
robust NOMA transmission scheme, which are described as follows:

— Exhaustive Search Based User grouping Approach: In this approach,
all the possible combinations of the user group are considered, the optimal
user grouping is the one yielding the smallest transmit power.

— Non-robust NOMA transmission scheme: In this scheme, the perfect
CSI of each user is assumed to be available at the BSs. It is not difficult
to verify that the non-robust beamforming problem can be formulated as a
SOCP and thus can be solved optimally.

We first evaluate the performance of the proposed coalition formation game
based user grouping approach in Fig. 1. The exhaustive search based optimal
user grouping algorithm is used as the performance benchmark. As it can be
seen that the proposed coalition formation game based approach can achieve
near-optimal performance under the system settings. While the random grouping
based approach, in which the users are randomly selected to form a group, yields
the worst performance.

In Fig. 2, we compare the performance of robust and non-robust designs ver-
sus different QoS requirements of users. It can be observed that as a price for
a worst-case performance guarantee, the robust designs require higher trans-
mission power than the non-robust design. From Fig. 3, we can also find that,
with different CSI error bounds, the non-robust design would underestimate the
required power for reliable transmissions. Meanwhile, the sum power increases
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Fig. 2. The performance comparison of robust and non-robust designs versus different
v with Ny =4, and € = 0.05.
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Fig. 3. The performance comparison of robust and non-robust designs versus different
€ with Ny =4, and v = 3 dB.

with the increase of the CSI error bound. The reason is that a larger CSI error
requires more transmission power to guarantee the QoS requirements of users.

6 Conclusions

In this work, we have investigated the joint user grouping and robust beamform-
ing design problem in a downlink multi-cell NOMA network under imperfect
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CSI assumptions. The formulated sum power minimization problem was shown
to be challenging to solve due to the integer variables of user grouping, cou-
pling effects of beamformers, and infinitely many constraints brought by the
imperfect CSI. For computational complexity reduction, the original problem
was decoupled into a user grouping subproblem and robust beamforming sub-
problem. A coalition formation game based algorithm has been proposed to solve
the user grouping problem. While for the robust beamforming design problem,
we proposed an SDR-based suboptimal algorithm was presented and a sufficient
condition under which the SDR-based approach could guarantee to produce an
optimal solution was presented. Simulation results have provided some inter-
esting results. For example, the proposed coalition game based algorithm can
perform close to the exhaustive search based scheme; The robust design would
require more transmission power compared to the non-robust design.
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