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Abstract

A terminal-based dynamic clustering algorithm is proposed in a multi-cell scenario, where the
user could select the cooperative BSs from the predetermined static base stations (BSs) set
based on dynamic channel condition. First, the user transmission rate is derived based on
linear precoding and per-cell feedback scheme. Then, the dynamic clustering algorithm can be
implemented based on two criteria: (a) the transmission rate should meet the user requirement
for quality of service (QoS); (b) the rate increment exceeds the predetermined constant
threshold. By adopting random vector quantization (RVQ), the optimized number of
cooperative BSs and the corresponding channel conditions are presented respectively.
Numerical results are given and show that the performance of the proposed method can
improve the system resources utilization effectively.
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1. Introduction

M ulti-cell processing (MCP) is able to transform the undesirable ICI into useful signals via
collaborative transmission [1]. Base Stations (BSs) need to share full data information and
channel state information and form a distributed antenna array deployed among multiple cells.
It is required that the cooperative BSs are linked by high-capacity delay-free links [2].
However, the backhaul capacity and feedback bandwidth are limited in a realistic cellular
system [3]. Hence, the number of cooperative BSs should be limited. And how to select the
cooperative BSs based on the channel state information in the cooperation set is critical for
practical system design.

The cooperative BSs selection algorithms can be mainly grouped into two categories: static
clustering and dynamic clustering [4][5]. For static clustering, the cooperative BSs are
predetermined and do not change over time [6][7][8]. For dynamic clustering, cooperative BSs
are expected to change over time based on channel state information [9][10]. In MCP systems,
it is quite common to have non-uniform path losses between user and the cooperating BSs [11].
Therefore, the system resource can be utilized more effectively with dynamic clustering. In
general, compared with static clustering, the dynamic approach usually has better performance
due to larger optimizing domain.

In [12], dynamic clustering is formulated as a problem of total power minimization for
target SINR. [13] presented a novel dynamic greedy algorithm for the formation of the clusters
of cooperative BSs. In [14], the dynamic clustering control is adaptive to the global queue state
information (GQSI). In the above researches, dynamic cooperative BSs selection algorithms
are all operated at the base station controller (BSC). And dynamic clustering was transformed
to be an optimization problem and discussed based on ideal CSI. However, full CSI cannot be
obtained by the BSC in practical, especially for FDD system [15].

In this paper, we propose a terminal-based dynamic clustering algorithm from
predetermined static clustering in multi-cell scenarios. Compared to select the cooperative
BSs by the BSC directly, the user can provide the BSC more choices since more accurate
channel information can be obtained at the terminal. First, the user transmission rate is derived
based on the per-cell fixed feedback scheme and joint processing linear precoding scheme.
And then, two criteria are presented to select the cooperative BSs: (a) whether the user rate
requirement is satisfied; (b) whether the rate increment exceeds a predetermined constant
threshold. The purpose of criterion (a) is to obtain the minimal number of BS to meet the user
requirement for QoS; while criterion (b) aims to get the transmission rate as much as possible
but the rate increment by adding one BS should not be negligible. The BSs far from the user
will be excluded from the cooperative BSs set since just negligible rate increment is provided.
Besides, the feedback overhead is reduced because the quantized channel information of the
excluded BS is not necessary. Herein, the main contributions of this paper are as follows:

(@) A terminal-based dynamic clustering algorithm is proposed in multi-cell scenarios.
Based on network configuration, a static cluster has been predetermined. Then, cooperative
BSs are chosen from the static set according to dynamic channel condition.

(b) The transmission rate with limited feedback is derived. The per-cell feedback scheme is
designed to maximize the transmission rate.

(c) Two cooperative BSs selection criteria are presented. And the optimization number of
cooperative BSs and the corresponding channel conditions based on two different criteria are
presented respectively.
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The remainder of this paper is organized as follows. In Section 2, we present the system
model and limited feedback mechanism. In Section 3, dynamic clustering algorithm is
described in detail, and the optimization number of cooperative BSs based on two cooperative
BSs selection criteria are presented respectively. Section 4 presents simulation results and
conclusions are drawn in Section 5 finally.

2. System Model

2.1 Multi-Cell Channel Model

A downlink multi-cell scenario is considered where cooperative BSs are required to be
selected from the pre-specified static cluster, which is illustrated as Fig.1.

Fig. 1. A predetermined static clustering in multi-cell scenarios

Suppose that the static cluster includes N BSs each equipped with M antennas and the user
is equipped with single antenna for simplicity. Independent flat-fading chaﬂel is ﬂ}nsidered.
Then the channel vector between the BS; and the user is denoted as h; ( JExh- Nry which
corresponds to the small scale channel. And the aggregate channel constructed by K
cooperative BSs can be given by:

o« =[ Vo Johi - Jocht ], &

where K is the number of cooperative BSs (K e{l,...,N}), g; denotes the large scale
channel fading between the BS; and the user and the square root of gj presents the
corresponding channel coefficient. We order the channel index by the large scale channel
fading, i.e., 9> g>>...> gx> 0. Then, h; represents the channel vector between the local BS
and the user. In the practical multi-user transmission mode, the co-channel user is usually
transparent and cannot by observed. Therefore, the cooperative BSs selection algorithm at the
UE terminate is operated based on single user joint transmission mode. The BS or BSC will
reselect the transmission mode and design the precoding according to the feedback
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information and system load balance. Under the assumption of K cooperative BSs and linear
precoding, the received signal y could be formulated as follows:

y:h-el;gg_KW X+n, (2)
where X denotes the data symbol intended for the user, n is the complex white Gaussian
noise with mean zero and variance 2, and Wagg k is denoted as the linear precoding vector
which is constructed by the K received per-cell codebook vectors:

T
=[w] wp o owi ], 3)
where w; denotes the precoding vector at the BS;. The received effective SNR y is described
as follows:

agg_K

Wagg_K

T 2
7/K _ hagg_KV\Zagg_K‘ . (4)
o
The transmission rate with K cooperative BSs could be formulated as [16]:
Cy =log, (1+7¢). )

2.2 Limited Feedback

As discussed in the above subsection, the aggregate linear precoding is constructed based on
the per-cell product codebook [17]. The user has a corresponding codebook wv; for each BS;
in the static cluster and each codebook comprises 2° quantization vectors. Here, B is the
number of feedback bits for per BS. Random codebooks are assumed to be used here [18].
Note that each BS is assumed to use a different and independently generated guantization
codebook; if a common codebook was used, there would be a non-zero probability that the
user has the same precoding vector as different BSs, which reduces the number of spatial
dimensions available [19].

Each code word is the preceding vector of the corresponding BS. The codewords are
selected jointly to maximize the effective SNR (ESNR, y ). Mathematically, the aggregate
precoding construction can be modeled as the following optimization problem:

2
T
T T T T
hagg_K ':Wl W, - WK]
max 5 .

Wy, Wy, Wi o
st. w, eW,,k=12---K
Once the aggregate precoding vector for the K dynamic cooperative BSs is obtained, the
total number of feedback bits is definite, B, .., = BK..

total

(6)

3. Dynamic Clustering Algorthm

In this section, the terminal-based dynamic clustering algorithm is described in detail. First,
the user estimates the channel information from all the BSs in the static cluster to the terminate.
And then the quantized joint precoding vector of different cooperative BSs set can be
constructed to maximize the ESNR. The transmission rates based on different cooperative BSs
set can be derived according to (5) utilizing the joint linear precoding scheme. Since the
transmission rates could be known, the cooperative BSs could be selected to make better use of
the system resource. Two dynamic clustering criteria are proposed to select the cooperative
BSs: (a) the transmission rate satisfies the user requirement, i.e., Cx> R; (b) the rate increment
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exceeds a predetermined constant threshold Ag, i.e., Ck+1- Ck > Ag. The BSs far from the user
will be excluded from the cooperative BSs set since just negligible rate increment is provided.
The outline of dynamic clustering algorithm is presented in Algorithm 1. And the optimal
number of cooperative BSs based on the proposed criteria are presented respectively in
Theorem 1 and Theorem 2.

Algorithm 1: Dynamic clustering algorithm

Step 1: The user estimates all the channel vectors h, from the BSs to the user in the static cluster,
ke{l...,N}.

Step 2: The channel index is ordered by the large scale channel fading, g9, > g, =2---> g, .

Step 3: Construct the aggregate channel with K cooperative BSs h’ Ked{l,...,N}.

agg_K !
Step 4: Joint quantized linear precoding vector is constructed based on ESNR maximization (6).

Step 5: Based on the aggregate channel h;gg7 and the linear precoding vector w the

K agg_K?

transmission rate C, is derived according to (5).

Step 6: Two criteria are presented to select the cooperative BSs: C, >R or C, , —C, > A, . Ifthe

predetermined criterion is satisfied, the progress is finished; If not satisfied, set K = K +1and
go to step 3 to repeat the progress. Note that K is initially set to be 1.

Theorem 1: When Criterion 1 is utilized in the dynamic clustering algorithm, i.e., the
transmission rate is required to meet the user rate requirement (C«> R), the optimal number of

cooperative BSs is:
R
K :{2 11 | -
I:)KVK

K
where P, =(Z g [h|’ lézj denotes the SNR without quantization errors from the K
k=1

cooperative BSs to the user, and - [1_ K8 ﬂ(zKB ﬂn Here we use S(1) to denote the

"KM -1
rox)r
beta function which is defined in terms of the gamma function as SB(X, y) = M [20].

'(x+y)
When K =1, it means that the cluster just includes the local BS and the transmission rate with
the local BS satisfying the user requirement (Cx> R); When several BSs are included in the
cluster, the following conditions should be satisfied:

2R —1
Pk 2 Kv, -P
, 2<K<N, (8)
2R —1
<—-P
Pk (K—-Dv, . K-2

where p, =g, ||n,|* /6% denotes the SNR without quantization errors from the K th
cooperative BS to the user, and P, is set to be zero. Note that if the above conditions are not
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satisfied, i.e., Cy <R, the dynamic cluster does not exist. In this case, the user rate requirement

cannot be satisfied even if all the BSs serve the user together.
Proof: We assume K is the optimal number of cooperative BSs, which is the minimal
number of cooperative BSs satisfying the rate requirement. Then, the following condition can

be given by:
{ C. >R

Cc,<R

where Ck.; is set to be zero when K = 1. The user transmission rate can be rewritten as the
following form:

L 1<K <N, 9)

K
c. - Iog2[1+ K(Z ’ ||hk||2j
k=1

AT, (W \Zj
agg_K "Yagg_K
, (10)

- " 2

:Iog2(1+ KP [Plgs «Wogg «| )
where ﬁagg_K and W,  are the normalized aggregate channel vector and normalized
aggregate precoding vector. The random codebook with B ,,, = KB quantizing bits is applied

~ 2
h! W can been formulated as the

in this system, and the expectation of the term |h_.. agg_K‘

following closed form [21]:

. B 2 KM
- o)

. (11)
Then the transmission rate can be approximated based on the expectation of the term
~ T " 2
hagg_KWagg_K‘
KM
C, ~log,|1+KP | 1-2"® (ZKB, )
K 2[ K ( ﬂ KM —1 , (12)
=log, (1+ KP,v, )

where v, represents the term E{

~ 2
hlgg_K\Tvagg_K‘ } . Substitute (12) into (9), the theorem can

be proved.
Theorem 2: When Criterion 2 is utilized in the dynamic clustering algorithm, i.e., the rate
increment exceeds a predetermined constant threshold (C, —C, , 2A;,1<K <N), the

optimal number of cooperative BSs is:
K =min| N, (13)

And the following conditions should be satisfied:
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(1+(K-1)P vy, )2% -1

Py 2 Kv, -P
1<K SN, (14)
1+ KP,v, )2% -1
Pra < ( X ) -F
(K +1)VK+1

where p, , is defined as zero when K = N, which ensures the second inequality true.

Proof: Here K is assumed to be the optimal number of cooperative BSs, which is denoted as
the maximal number of cooperative BSs satisfying the rate increment requirement. Then, the
following conditions are presented similar to (9):

CK - CK—l 2 AR
CK+1 _CK < AR
The rate increment term {Cy.1 - Cx} could be computed by substituting (12) into (15). If the
rate increment term is larger than the threshold, continue to consider the next BS; If not, the

cooperative BS set is determined. The optimal condition (14) could be obtained easily similar
to Theorem 1.

Remark: When A, — o, K —1. Itimplies that dynamic cluster just includes the local BS.

, 1<K <N. (15)

2% (v, 1)
(Vi 2% =v )
cluster are selected to serve the user together. Note that criterion (a) is to obtain the minimal

number of BS to meet the user requirement; while criterion (b) aims to get the transmission
rate as much as possible but the rate increment by adding one BS should not be negligible.

WhileA, — 0, — o0, then K= N In this case, all the BSs in the static

4. Numerical Simulation

In this section, the transmission rate curves based on different cooperative BSs set are
presented. Compared to per-cell feedback, the user performance with ideal channel feedback
is also considered. In this simulation, it is assumed that the static cluster include five BSs. All
the channel vectors from the BSs to user are flat fading Rayleigh channel. Random codebooks
are assumed to be used because RVQ is very amenable to analysis and also performs
measurably close to optimal quantization. Supposed that four bits are used to quantize the
percoder for per BS. Note that each BS is assumed to adopt a different and independently
generated quantization codebook.

In Fig. 2, the curves of user transmission rates with the number of cooperative BSs are given.
Here, the SNRs from the BSs to the user are set to the same value, which corresponds to the
cell edge user. The scenarios under both low SNR (10dB) and high SNR (20dB) conditions are
considered in the simulation. From the simulation results, it can be seen that the transmission
rate increases with the number of cooperative BSs since the BSs in the static cluster have the
same impact on the use. Fig. 3 and Fig. 4 present the transmission rate with the number of
cooperative BSs where the SNRs from the BSs to the user are different. Compared with the
identical SNR scenario, the transmission rate increases slowly with the number of cooperative
BSs. It implies that the cooperative BSs with lower SNRs have a weaker impact on the user
transmission. In Fig. 4, the SNR step is very big, which corresponds to the inter-cell user. It



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 6, NO. 9, Sep 2012 2093

can be easily seen that the local BS dominates the user performance. And as expected, there is
the performance gap between the per-cell feedback and ideal feedback. Practical feedback
scheme guarantees that the dynamic cluster algorithm can be operated with more accurate
transmission rate.

Fig. 5 shows the transmission rates for different methods against the SNR. First it can be
easily seen that cooperative communication with multiple BSs outperforms the traditional
single cell transmission scheme much. In particular, the scheme with all BSs has the best
performance since all the system resource has been used. By checking the special case with 3
cooperative BSs, we also could get that the proposed terminal-based dynamic clustering
method outperforms the static clustering algorithm. This is because the best 3 BSs from the
static BSs set are selected in our scheme, while in the static scheme 3 BSs are predetermined
and no best performance is guaranteed.

14 T
131 —6— ideal feedback (high snr)
—©— per-cell feedback (B=4)
==©-- ideal feedabck (low snr)
12| --©-- per-cell feedback (B=4) 'S
SNR:20dB —
" e ==
@ 10 = v
g v
E
= SNR:10dB s
e ) g
8 e o
et b _—
§ 7 2L e
S P =
6 ettt
Lo
5 o
L P i
g
3
1 2 3 4 5

Number of Cooperative BSs
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5. Conclusion

In this paper, a terminal-based dynamic clustering algorithm in multi-cell scenarios is
proposed. The user could select the cooperative BSs from the predetermined static BSs set
based on dynamic channel condition. Two criteria are presented to select the cooperative BSs:
a) the user rate requirement is satisfied; b) the rate increment exceeds a predetermined constant
threshold. Note that criterion (a) is to obtain the minimal number of BS to meet the user
requirement; while criterion (b) aims to get the transmission rate as much as possible but the
rate increment by adding one BS should not be negligible. The optimization number of
cooperative BSs and corresponding channel conditions based on two cooperative BSs
selection criteria are given respectively. The system resource can be utilized more effectively
with dynamic clustering.



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 6, NO. 9, Sep 2012 2095

References

[1] D. Gesbert, S. Hanly, H. Huang, and S. S. Shitz, “Multi-cell MIMO cooperative networks: a new
look at interference,” IEEE Journal on Selected areas in Communications, vol. 28, no. 9, pp.
1380-1408, Dec. 2010. Article (CrossRef Link)

[2] A. Gjendemsjoe, D. Gesbert, G. Oien, and S. Kiani, “Binary power control for sum rate
maximization over multiple interfering links,” IEEE Transactions on Wireless Communications,
Vol. 7, No. 8, pp. 3164-3173, Aug.2008. Article (CrossRef Link)

[3] C. K. Wen, and K. K. Wong, “On the sum-rate of uplink MIMO cellular systems with
amplify-and-forward relaying and collaborative base stations,” IEEE Journal on Selected Areas in
Communications Special Issue on Cooperative Communications in MIMO Cellular Networks, Vol.
28, No. 9, pp. 1409-1424, December 2010. Article (CrossRef Link)

[4] M. Yu, A. Malvankar, and L. Yan, “A new adaptive clustering technique for large-scale sensor
networks,” in Proc. IEEE Int. Conf. Networks, Nov. 2005, vol. 2, pp. 678-683. Article (CrossRef
Link)

[5S1 A. Papadogiannis, D. Gesbert, and E. Hardouin, “A dynamic clustering approach in wireless
networks with multi-cell cooperative processing,” in IEEE International Conference on
Communications (ICC 2008), Beijing, China, May 2008, pp. 4033-4037. Article (CrossRef
Link)

[6] S. Venkatesan, “Coordinating base stations for greater uplink spectral efficiency in a cellular
network,” in Proceedings of the 18th IEEE International Symposium on Personal, Indoor and
Mobile Radio Com-munications (PIMRC 2007), Sep. 2007. Article (CrossRef Link)

[71 D. Gesbert, S.G. Kiani, A. Gjendemsj, and G.E. Oien, "Adaptation, Coordination, and Distributed
Resource Allocation in Interference-Limited Wireless Networks," Proceedings of the IEEE ,
vol.95, no.12, pp.2393-2409, Dec. 2007. Article (CrossRef Link)

[8] T.K.Ng. Chris, and H. Huang, "Linear Precoding in Cooperative MIMO Cellular Networks with
Limited Coordination Clusters" IEEE Journal on Selected Areas in communications. Vol. 28, No.
9, pp-1446-1454, Dec. 2010. Article (CrossRef Link)

[91 N. Levyand S. S. Shitz, “Clustered local decoding for wyner-type cellular models,” IEEE Trans.
Inform. Theory, vol. 55, no. 11, pp. 4967— 4985, Nov. 2009. Article (CrossRef Link)

[10] J. Hoydis, M. Kobayashi, and M. Debbah, “On the optimal num-ber of cooperative base stations in
network MIMO systems,” 2010, preprint: arXiv: 1003.0332vl. Article (CrossRef Link)

[11] W. Xu, C. Zhao, Z. Ding, "Optimisation of limited feedback design for heterogeneous users in
multi-antenna downlinks." IET Comm., vol.3, no.11, pp.1724-1735, 2009. Article (CrossRef
Link)

[12] J. Zhang, R. Chen, J. G. Andrews, A. Ghosh, and R. W. Heath, ‘“Net-worked MIMO with clustered
linear precoding,” IEEE Trans. Wireless Commun., vol. 8, no. 4, pp. 1910-1921, Apr. 2009.
Article (CrossRef Link)

[13] A. Papadogiannis, D. Gesbert, and E. Hardouin, “A dynamic clustering approach in wireless
networks with multi-cell cooperative processing,” in Proc. IEEE Intern. Conf. on Comm. (ICC),
vol. 2, no. 3, pp. 4033— 4037, May 2008. Article (CrossRef Link)

[14] Y. Cui, Q. Huang, and V. K. N. Lau, “Queue-aware dynamic clustering and power allocation for
network MIMO systems via distributed stochastic learning,” IEEE Trans. Signal Processing, vol.
59, no. 3, pp. 12291238, Feb. 2011. Article (CrossRef Link)

[15] N.Jindal, S. Vishwanath, and A. Goldsmith, “On the duality of Gaussian multiple-access and
broadcast channels,” IEEE Transactions on Information Theory, vol. 50, no. 5, pp. 768-783, May
2004. Article (CrossRef Link)

[16] H. Viswanathan, S. Venkatesan, and H. Huang, “Downlink capacity evaluation of cellular
networks with known-interference cancellation,” IEEE J. Sel. Areas Commun., vol. 21, no. 5, pp.
802-811, Jun. 2003. Article (CrossRef Link)

[17] Y. Cheng, V. K. N. Lau, and Y. Long, “A scalable limited feedback design for network MIMO
using per-cell product codebook,” IEEE Trans. Wireless Commun., vol. 9, no. 10, pp. 3093-3098,



Article%20(CrossRef%20Link)
Article%20(CrossRef%20Link)
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5646337
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1635589&isnumber=34295
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=1635589&isnumber=34295
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4533793&isnumber=4533036
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4533793&isnumber=4533036
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4394771&isnumber=4393983
http://dx.doi.org/10.1109/JPROC.2007.907125
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5594709
Article%20(CrossRef%20Link)
http://www.supelec.fr/offres/file_inline_src/342/342_P_11807_13.pdf
Article%20(CrossRef%20Link)
Article%20(CrossRef%20Link)
http://dx.doi.org/10.1109/TWC.2009.080180
Article%20(CrossRef%20Link)
Article%20(CrossRef%20Link)
Article%20(CrossRef%20Link)
Article%20(CrossRef%20Link)

2096 Ni et al.: Terminal-based Dynamic Clustering Algorithm in Multi-cell Cellular System

Oct. 2010. Article (CrossRef Link)

[18] V. Hassel, D. Gesbert, M.-S. Alouini, and G. E. Oien, “A threshold-based channel state feedback
algorithm for modern cellular systems,” IEEE Trans. Wireless Commun., vol. 6, no. 7, pp.
24222426, July 2007. Article(CrossRef Link)

[19] N. Jindal, “MIMO broadcast channels with finite rate feedback,” IEEE Trans. Inf. Theory, vol. 52,
no. 11, pp. 5045-5059, 2006. Article (CrossRef Link)

[20] J. P. Davis, “Leonhard eulers integral: a historical profile of the gamma function,” American
Mathematics Monthly, vol. 66, no. 10, pp. 849-869, 1959. Article (CrossRef Link)

[21] C. Au-Yeung and D. J. Love, “On the performance of random vector quantization limited feedback
beamforming in a MISO system,” IEEE Trans. Wireless Comm., vol. 6, no. 2, pp. 458—462, Feb.
2007. Article (CrossRef Link)

Jiging Ni received the B.S. degree in Electronic Engineering from Beijing Institute of
Technology (BIT), Beijing, China in 2008. He is currently working toward the Ph.D.
degree with the Research Institute of Communication Technology (RICT) of BIT. Since
September 2011, he has been visiting the Department of Electronic and Electrical
Engineering, University College London (UCL), UK, where he is a Visiting Ph.D.
Student under the supervision of Dr. Kai-Kit Wong. His research interests are in the
general area of signal processing for wireless communications, with particular emphasis
on cooperative network, physical-layer security.

Zesong Fei received the Ph.D. degree in Electronic Engineering in 2004 from Beijing
Institute of Technology (BIT). He is now an Associate Professor in BIT and currently
with the Research Institute of Communication Technology (RICT) of BIT, where he is
involved in the design of the next generation high-speed wireless communication. His
research interests include mobile communication, channel coding and modulation,
cognitive radio and cooperative networking. He was chief investigator of China national
Natural Science Fund project. He is the senior member of Chinese Institute of
Electronics and China Institute of Communications.

Chengwen Xing received the B.Eng. degree from Xidian University, Xi’an, China, in
2005 and the Ph.D. degree in the Department of Electrical and Electronic Engineering,
The University of Hong Kong, Hong Kong, in 2010. Since September 2010, he has been
with the School of Information and Electronics, Beijing Institute of Technology (BIT),
Beijing, China, where he is currently a Lecturer. He was a TPC member for ICC 2011
and Globecom 2011. His current research interests include statistical signal processing,
convex optimization, multivariate statistics, combinatorial optimization and cooperative
communication systems.

)
i)

Di Zhao received his B.S. degree in Electronic Engineering from Beijing Institute of
Technology (BIT), Beijing, China in 2009. He is currently working toward the Ph.D.
degree in the School of Information and Electronics in BIT. His major research interests
include cooporative communications, resource management and optimization.



Article%20(CrossRef%20Link)
http://dx.doi.org/10.1109/TWC.2007.051052
Article%20(CrossRef%20Link)
Article%20(CrossRef%20Link)
Article%20(CrossRef%20Link)

KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 6, NO. 9, Sep 2012 2097

Jingming Kuang received the B.S. and M.S. degree in Information and Signal
Processing at Beijing Institute of Technology (BIT), Beijing, China, in 1966 and 1981,
respectively, and Ph.D. degree in Electrical Engineering from Technical University of
Berlin, Berlin, Germany, in 1988. He has been a Professor with the School of
Information and Electronics, BIT since 1989. He is the founder of BIT-Ericsson
Research Center of Digital Communications, which was built in 1999. From Aug. 1993
to Aug. 2007, he has been the vice-president and the president of BIT. His research
interests include theory and techniques of wireless communication and digital signal
processing.




