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Preface
The family of recent wireless standards included the optional employment of MIMO tyechniques.
This was motivated by the observation according to the classic Shannon-Hartley law the achiev-
able channel capacity increases logarithmically with the transmit power. By contrast, the MIMO
capacity increases linearly with the number of transmit antennas, provided that the number of
receive antennas is equal to the number of transmit antennas. With the further proviso that the
total transmit power is increased proportionately to the number of transmit antennas, a linear
capacity increase is achieved upon increasing the transmit power, which justifies the spectacular
success of MIMOs...

Hence this volume explores recent research advances in MIMO techniques as well as their
limitations. The basic types of multiple antenna-aided wireless systems are classified and their
benefits are characterised. We also argue that under realistic propagation conditions, when for
example the signals associated with the MIMO elements become correlated owing to shadow fading,
the predicted performance gains may substantially erode. Furthermore, owing to the limited
dimensions of shirt-pocket-sized handsets the employment of multiple antenna elements at the
mobile station is impractical. In this scenario only the family of distributed MIMO elements
relying on the cooperation of potentially single-element mobile stations is capable of eliminating
the correlation of the signals impinging on the MIMO elements, as it will be discussed in the book.
The book also reports on a variety of avantgarde hybrid MIMO designs to set out promising future
research directions.

Our intention with the book is:

1. First, to pay tribute to all researchers, colleagues and valued friends, who contributed to
the field. Hence this book is dedicated to them, since without their quest for better MIMO
solutions for wireless communications this monograph could not have been conceived. They
are too numerous to name here, hence they appear in the author index of the book. Our hope
is that the conception of this monograph on the topic will provide an adequate portrayal of
the community’s research and will further fuel this innovation process.

2. We expect to stimulate further research by exposing open research problems and by collating
a range of practical problems and design issues for the practitioners. The coherent further
efforts of the wireless research community is expected to lead to the solution of the range of
outstanding problems, ultimately providing us with flexible MIMO-aided wireless transceivers
exhibiting a performance close to information theoretical limits.

1



Glossary

16-QAM 16-level Quadrature Amplitude Modulation

3G Third generation

8-PSK 8-level Phase Shift Keying

AGM Anti-Gray Mapping

APP A Posteriori Probability

AWGN Additive White Gaussian Noise

BEC Binary Erasure Channel

BER Bit error ratio, the number of the bits received incorrectly

BICM Bit-Interleaved Coded Modulation

BICM-ID Bit-Interleaved Coded Modulation with Iterative decoding

BPS Bits per modulated symbol

BPSK Binary Phase Shift Keying

BSA Binary Switching Algorithm

CCMC Continuous-input Continuous-output Memoryless Channel

CCSDS Consultative Committee for Space Data Systems

CDMA Code-Division Multiple-Access

CSI Channel State Information

DCMC Discrete-input Continuous-output Memoryless Channel

DMC Discrete Memoryless Channel

DSTBC Differential Space-Time Block Coding

D4 The lattice corresponding to the sphere packing having the best mini-
mum Euclidean distance in the four-dimensional real-valued Euclidean
space R4

EXIT EXtrinsic Information Transfer
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Eb/N0 Ratio of bit energy to noise power spectral density

FFT Fast Fourier Transform

GF Galois Field

GM Gray Mapping

i.i.d. Independent and Identically Distributed

IRCC Irregular Convolutional Code

ISI Intersymbol Interference

LDPC Low Density Parity Check

LLR Log-Likelihood Ratio

MAP Maximum A Posteriori

MED Minimum Euclidean Distance

MI Mutual Information

MIMO Multiple-Input Multiple-Output

ML Maximum Likelihood

PDF Probability Density Function

PSK Phase Shift Keying

QAM Quadrature Amplitude Modulation

QAP Quadratic Assignment Problem

QPSK Quadrature Phase Shift Keying

RA Repeat-Accumulate

RSC Recursive Systematic Convolutional

RTS Reactive Tabu Search

SISO Soft-Input Soft-Output

SNR Signal to Noise Ratio, noise energy compared to the signal energy

SP Sphere Packing

SP-SER Sphere Packing Symbol Error Ratio

SPSI Sphere Packing Symbol Invariant

ST Space-Time

ST-SER Space-Time Symbol Error Rate

STBC Space-Time Block Coding

STBC-SP Space-Time Block Coding using Sphere Packing modulation

STC Space-Time Coding

STP Space-Time Processing
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STTC Space-Time Trellis Coding

TCM Trellis Coded Modulation

V-BLAST Vertical Bell Laboratories Layered Space-Time

WLAN Wireless Local Area Network

ZF Zero Forcing



634 Glossary



Bibliography

[1] D. Gesbert, M. Shafi, D.-S. Shiu, P. J. Smith and A. Naguib , “From theory to practice: an
overview of MIMO space-time coded wireless systems,” IEEE Journal on Selected Areas in
Communications, vol. 21, pp. 281–302, April 2003.

[2] FCC, “Third Generation Wireless Systems.” http://www.fcc.gov/3G/#sec2, accessed
September 2006.

[3] G. J. Foschini and M. Gans, “On limits of wireless communication in a fading environment
when using multiple antennas,” Wireless Personal Communications, vol. 6, pp. 311–335,
March 1998.

[4] B. M. Hochwald, G. Caire, B. Hassibi and T. L. Marzetta, “The academic and industrial em-
brace of space-time methods,” IEEE Transactions on Information Theory, vol. 49, pp. 2329–
2331, October 2003.

[5] T. S. Rappaport, Wireless Communications: Principles and Practice. Prentice Hall, 1996.

[6] J.G. Proakis, Digital communications. McGraw-Hill, 2001.

[7] G. J. Pottie, “System design choices in personal communications,” IEEE Personal Commu-
nications, vol. 2, pp. 50–67, October 1995.

[8] V. Tarokh, N. Seshardi and A. Calderbank, “Space-time codes for high data rate wireless
communication: performance criterion and code construction,” IEEE Transactions on Infor-
mation Theory, vol. 44, pp. 744–765, March 1998.

[9] L. Hanzo, T.H. Liew and B.L. Yeap, Turbo coding, turbo equalisation and space time coding
for transmission over fading channels. Chichester, UK: Wiley: IEEE Press, 2002.

[10] S.M. Alamouti, “A simple transmit diversity technique for wireless communications,” IEEE
Journal on Selected Areas in Communications, vol. 16, no. 8, pp. 1451–1458, 1998.

[11] V. Tarokh, H. Jafarkhani and A.R. Calderbank, “Space-time block codes from orthogonal
designs,” IEEE Transactions on Information Theory, vol. 45, no. 5, pp. 1456–1467, 1999.

[12] V. Tarokh, N. Seshadri and A.R. Calderbank, “Space-time codes for high data rate wire-
less communication: performance criterion and code construction,” IEEE Transactions on
Information Theory, vol. 44, pp. 744–765, March 1998.

[13] B. Hassibi and B.M. Hochwald, “High-rate codes that are linear in space and time,” IEEE
Transactions on Information Theory, vol. 48, pp. 1804–1824, July 2002.

[14] B. Hochwald, T.L. Marzetta and C.B. Papadias, “A transmitter diversity scheme for wide-
band CDMA systems based on space-time spreading,” IEEE Journal on Selected Areas in
Communications, vol. 19, no. 1, pp. 48–60, 2001.

[15] H. Jafarkhani, “A quasi-orthogonal space-time block code,” IEEE Transactions on Commu-
nications, vol. 49, no. 1, pp. 1–4, 2001.

635



636 BIBLIOGRAPHY

[16] P.W. Wolniansky, G.J. Foschini, G.D. Golden and R.A. Valenzuela, “V-BLAST: an archi-
tecture for realizing very high data rates over the rich-scattering wireless channel,” in In-
ternational Symposium on Signals, Systems and Electronics, (Pisa), pp. 295–300, September
1998.

[17] J. Blogh and L. Hanzo, Third-generation systems and intelligent wireless networking: smart
antennas and adaptive modulation. John Wiley & Sons - IEEE Press, 2002.

[18] V. Tarokh, A. Naguib, N. Seshadri and A.R. Calderbank, “Combined array processing and
space-time coding,” IEEE Transactions on Information Theory, vol. 45, no. 4, pp. 1121–1128,
1999.

[19] M. Tao and R.S. Cheng, “Generalized layered space-time codes for high data rate wireless
communications,” IEEE Transactions on Wireless Communications, vol. 3, no. 4, pp. 1067–
1075, 2004.

[20] E.N. Onggosanusi, A.G. Dabak and T.A. Schmidl, “High rate space-time block coded scheme:
performance and improvement in correlated fading channels,” in IEEE Wireless Communi-
cations and Networking Conference, vol. 1, pp. 194–199, March 2002.

[21] G. Jongren, M. Skoglund and B. Ottersten, “Combining beamforming and orthogonal space-
time block coding,” IEEE Transactions on Information Theory, vol. 48, pp. 611–627, March
2002.

[22] M. El-Hajjar, O. Alamri, J. Wang, S. Zummo and L. Hanzo, “Layered steered space-time
codes using multi-dimensional sphere-packing modulation,” accepted for publication in IEEE
Transactions on Wireless Communications, 2008.

[23] L.-L. Yang and L. Hanzo, “Performance of generalized multicarrier DS-CDMA over
Nakagami-m fading channels,” IEEE Transactions on Communications, vol. 50, pp. 956–
966, June 2002.

[24] L. Z. Zheng and D. Tse, “Diversity and multiplexing: a fundamental tradeoff in multiple-
antenna channels,” IEEE Transactions on Information Theory, vol. 49, pp. 1073–1096, May
2003.

[25] J.N. Laneman and G.W. Wornell, “Distributed space-time-coded protocols for exploiting co-
operative diversity in wireless networks,” IEEE Transactions on Information Theory, vol. 49,
no. 10, pp. 2415–2425, 2003.

[26] V. Tarokh, H. Jafarkhani and A.R. Calderbank, “Space-time block coding for wireless com-
munications: performance results,” IEEE Journal on Selected Areas in Communications,
vol. 17, no. 3, pp. 451–460, 1999.

[27] H. F. Lu and P. V. Kumar, “Rate-diversity tradeoff of space-time codes with fixed alphabet
and optimal constructions for PSK modulation,” IEEE Transactions on Information Theory,
vol. 49, pp. 2747–2751, October 2003.

[28] R. W. J. Heath and A. Paulraj, “Linear dispersion codes for MIMO systems based on frame
theory,” IEEE Transactions on Signal Processing, vol. 50, pp. 2429–2441, October 2002.

[29] B. Hassibi and B. M. Hochwald, “High-rate codes that are linear in space and time,” IEEE
Transactions on Information Theory, vol. 48, pp. 1804–1824, July 2002.

[30] H. J. Chen, A. Haimovich, and J. A. Sjogren, “Turbo space-time codes with time varying
linear transformations,” IEEE Transactions on Wireless Communications, vol. 6, pp. 486–
493, February 2007.

[31] H. E. Gamal and M. O. Damen, “Universal space-time coding,” IEEE Transactions on
Information Theory, vol. 49, pp. 1097–1119, May 2003.

[32] G. Ganesan and P. Stoica, “Differential modulation using space-time block codes,” in Con-
ference Record of the Thirty-Fifth Asilomar Conference on Signals, Systems and Computers,
vol. 1, (Pacific Grove, CA), pp. 236–240, 2001.



BIBLIOGRAPHY 637

[33] N. Wu and L. Hanzo, “Near-capacity irregular precoded linear dispersion codes,” in IEEE
International Conference on Communications, (Beijing, China), pp. 4501–4505, May 19–23,
2008.

[34] N. Wu and L. Hanzo, “Irregular precoder-aided differential linear dispersion codes,” in Ve-
hicular Technology Conference, (Marina Bay, Singapore), pp. 285–289, May 2008.

[35] D.G. Brennan, “Linear diversity combining techniques,” in Proceedings of the IRE, vol. 47,
pp. 1075–1102, June 1959.

[36] A. Wittneben, “Base station modulation diversity for digital simulcast,” in 41st IEEE Vehic-
ular Technology Conference Gateway to the Future Technology in Motion, (St. Louis, MO),
pp. 848–853, May 1991.

[37] A. Wittneben, “A new bandwidth efficient transmit antenna modulation diversity scheme
for linear digital modulation,” in IEEE International Conference on Communications, vol. 3,
(Geneva), pp. 1630–1634, May 1993.

[38] N. Seshadri and J.H. Winters, “Two signaling schemes for improving the error performance
of frequency-division-duplex transmission systems using transmitter antenna diversity,” in
IEEE Vehicular Technology Conference, (Secaucus, NJ), pp. 508–511, May 1993.

[39] J.H. Winters, “The diversity gain of transmit diversity in wireless systems with Rayleigh fad-
ing,” in IEEE International Conference on Communications, (New Orleans, LA), pp. 1121–
1125, May 1994.

[40] T. Eng, N. Kong and L.B. Milstein, “Comparison of diversity combining techniques for
Rayleigh-fading channels,” IEEE Transactions on Communications, vol. 44, pp. 1117–1129,
September 1996.

[41] J.-C. Guey, M.P. Fitz, M.R. Bell and W.-Y. Kuo, “Signal design for transmitter diver-
sity wireless communication systems over Rayleigh fading channels,” IEEE Transactions on
Communications, vol. 47, pp. 527–537, April 1999.

[42] P. Stoica and G. Ganesan, “Space-time block codes: trained, blind and semi-blind detec-
tion,” in IEEE International Conference on Acoustics, Speech and Signal Processing, vol. 2,
(Orlando, FL), pp. 1609–1612, 2002.

[43] D.G. Brennan, “Linear diversity combining techniques,” Proceedings of the IEEE, vol. 91,
pp. 331–356, February 2003.

[44] H. Wang and X.-G. Xia, “Upper bounds of rates of complex orthogonal space-time block
codes,” IEEE Transactions on Information Theory, vol. 49, pp. 2788–2796, October 2003.

[45] W. Su, Z. Safar and K.J.R. Liu, “Space-time signal design for time-correlated Rayleigh fading
channels,” in IEEE International Conference on Communications, vol. 5, pp. 3175–3179,
2003.

[46] H. Zhang and T.A Gulliver, “Capacity and error probability analysis for orthogonal space-
time block codes over fading channels,” IEEE Transactions on Wireless Communications,
vol. 4, pp. 808–819, March 2005.

[47] T.-H. Liew and L. Hanzo, “Space-time trellis and space-time block coding versus adaptive
modulation and coding aided OFDM for wideband channels,” IEEE Transactions on Vehic-
ular Technology, vol. 55, pp. 173–187, January 2006.

[48] O. Alamri, S. X. Ng, F. Guo, S. Zummo and L. Hanzo, “Sphere-packing modulation aided
space-time coding using non-binary LDPC-coded iterative-detection,” submitted to IEEE
Wireless Communications and Networking Conference (WCNC), (Hong Kong), March 2007.

[49] P. Luo and H. Leib, “Class of full-rank space-time codes combining orthogonal designs with
delay diversity,” IEEE Transactions on Vehicular Technology, vol. 57, pp. 260–272, January
2008.

[50] J.H. Winters, “The diversity gain of transmit diversity in wireless systems with Rayleigh
fading,” IEEE Transactions on Vehicular Technology, vol. 47, pp. 119–123, February 1998.



638 BIBLIOGRAPHY

[51] H. Jafarkhani, Space-time coding: Theory and practice. Cambridge University Press, 2005.

[52] V. Tarokh, A. Naguib, N. Seshadri and A.R. Calderbank, “Space-time codes for high data rate
wireless communication: performance criteria in the presence of channel estimation errors,
mobility and multiple paths,” IEEE Transactions on Communications, vol. 47, pp. 199–207,
February 1999.

[53] L. Hanzo, L.-L. Yang, E.-L. Kuan and K. Yen, Single and multi-carrier DS-CDMA: Multi-
user detection, space-time spreading, synchronisation, networking and standards. Chichester,
England: John Wiley and Sons Ltd and IEEE Press, 2003.

[54] V. Tarokh, S.M. Alamouti and P. Poon, “New detection schemes for transmit diversity with
no channel estimation,” in IEEE International Conference on Universal Personal Commu-
nications, vol. 2, pp. 917–920, October 1998.

[55] V. Tarokh and H. Jafarkhani, “A differential detection scheme for transmit diversity,” in
IEEE Wireless Communications and Networking Conference, vol. 3, pp. 1043–1047, Septem-
ber 1999.

[56] B.M. Hochwald and W. Sweldens, “Differential unitary space-time modulation,” IEEE Trans-
actions on Communications, vol. 48, no. 12, pp. 2041–2052, 2000.

[57] B. L. Hughes, “Differential space-time modulation,” IEEE Transactions on Information The-
ory, vol. 46, no. 7, pp. 2567–2578, 2000.

[58] H. Jafarkhani and V. Tarokh, “Multiple transmit antenna differential detection from gen-
eralized orthogonal designs,” IEEE Transactions on Information Theory, vol. 47, no. 6,
pp. 2626–2631, 2001.

[59] R. Schober and L. Lampe, “Noncoherent receivers for differential space-time modulation,”
IEEE Transactions on Communications, vol. 50, pp. 768–777, May 2002.

[60] C. S. Hwang, S. H. Nam, J. Chung, and V. Tarokh, “Differential space time block codes
using nonconstant modulus constellations,” IEEE Transactions on Signal Processing, vol. 51,
no. 11, pp. 2955–2964, 2003.

[61] C.-S. Hwang, S.H. Nam, J. Chung and V. Tarokh, “Differential space time block codes
using nonconstant modulus constellations,” IEEE Transactions on Signal Processing, vol. 51,
no. 11, pp. 2955–2964, 2003.

[62] S.H. Nam, C.-S. Hwang, J. Chung and V. Tarokh, “Differential space time block codes using
QAM for four transmit antennas,” in IEEE International Conference on Communications,
vol. 2, pp. 952–956, 2004.

[63] Y. Zhu and H. Jafarkhani, “Differential modulation based on quasi-orthogonal codes,” IEEE
Transactions on Wireless Communications, vol. 4, no. 6, pp. 3005–3017, 2005.

[64] L.-Y. Song and A.G. Burr, “General differential modulation scheme for quasi-orthogonal
space-time block codes with partial or full transmit diversity,” IET Communications, vol. 1,
pp. 256–266, April 2007.

[65] V. Tarokh and H. Jafarkhani, “A differential detection scheme for transmit diversity,” IEEE
Journal on Selected Areas in Communications, vol. 18, no. 7, pp. 1169–1174, 2000.

[66] B.M. Hochwald and T.L. Marzetta, “Unitary space-time modulation for multiple-antenna
communications in Rayleigh flat fading,” IEEE Transactions on Information Theory, vol. 46,
pp. 543–564, March 2000.

[67] E. Biglieri, G. Taricco and A. Tulino, “Performance of space-time codes for a large number
of antennas,” IEEE Transactions on Information Theory, vol. 48, pp. 1794–1803, July 2002.

[68] A.J. Paulraj, D.A. Gore, R.U. Nabar and H. Bolcskei, “An overview of MIMO communica-
tions - a key to gigabit wireless,” Proceedings of the IEEE, vol. 92, pp. 198–218, February
2004.

[69] J.G. Proakis, Digital communications. McGraw-Hill, 2001.



BIBLIOGRAPHY 639

[70] Viterbo, E. and Boutros, J., “A universal lattice code decoder for fading channels,” IEEE
Transactions on Information Theory, vol. 45, pp. 1639–1642, July 1999.

[71] O. Damen, A. Chkeif and J.-C. Belfiore, “Lattice code decoder for space-time codes,” IEEE
Communications Letters, vol. 4, pp. 161–163, May 2000.

[72] E. Agrell, T. Eriksson, A. Vardy and K. Zeger, “Closest point search in lattices,” IEEE
Transactions on Information Theory, vol. 48, pp. 2201–2214, August 2002.

[73] G.J. Foschini, “Layered space-time architecture for wireless communication in a fading envi-
ronment when using multiple antennas,” Bell Laboratories Technical Journal, vol. 1, pp. 41–
59, Autumn 1996.

[74] G.D. Golden, C.J. Foschini, R.A. Valenzuela and P.W. Wolniansky, “Detection algorithm and
initial laboratory results using V-BLAST space-time communication architecture,” Electron-
ics Letters, vol. 35, pp. 14–16, January 1999.

[75] A. Benjebbour, H. Murata and S. Yoshida, “Comparison of ordered successive receivers for
space-time transmission,” in IEEE Vehicular Technology Conference, vol. 4, (Atlantic City,
NJ), pp. 2053–2057, October 2001.

[76] M. Sellathurai and S. Haykin, “Turbo-BLAST for wireless communications: theory and
experiments,” IEEE Transactions on Signal Processing, vol. 50, pp. 2538–2546, October
2002.

[77] D. Wubben, R. Bohnke, V. Kuhn and K.-D. Kammeyer, “MMSE extension of V-BLAST
based on sorted QR decomposition,” in IEEE Vehicular Technology Conference, vol. 1,
pp. 508–512, October 2003.

[78] H. Zhu, Z. Lei and F.P.S. Chin, “An improved square-root algorithm for BLAST,” IEEE
Signal Processing Letters, vol. 11, pp. 772–775, September 2004.

[79] Y. Huang, J. Zhang and P.M. Djuric, “Bayesian detection for BLAST,” IEEE Transactions
on Signal Processing, vol. 53, pp. 1086–1096, March 2005.

[80] S. Verdu, Multiuser Detection. Cambridge University Press, 2003.

[81] B. Hassibi, “An efficient square-root algorithm for BLAST,” in IEEE International Confer-
ence on Acoustics, Speech and Signal Processing, vol. 2, (Istanbul), June 2000.

[82] D. Wubben, R. Bohnke, J. Rinas, V. Kuhn and K.D. Kammeyer, “Efficient algorithm for
decoding layered space-time codes,” Electronics Letters, vol. 37, pp. 1348–1350, October
2001.

[83] W. Zha and S.D. Blostein, “Modified decorrelating decision-feedback detection of BLAST
space-time system,” in IEEE International Conference on Communications, vol. 1, (New
York), pp. 335–339, April/May 2002.

[84] T. Xiaofeng, Y. Zhuizhuan, Q. Haiyan, Z. Ping, H. Haas and E. Costa, “New sub-optimal
detection algorithm of layered space-time code,” in IEEE Vehicular Technology Conference,
vol. 4, pp. 1791–1794, May 2002.

[85] J. Choi, “A bi-directional zero-forcing BLAST receiver,” IEEE Transactions on Signal Pro-
cessing, vol. 52, pp. 2670–2673, September 2004.

[86] H. Zhu, Z. Lei and F.P.S. Chin, “An improved square-root algorithm for BLAST,” IEEE
Signal Processing Letters, vol. 11, pp. 772–775, September 2004.

[87] W.-J. Choi, K.-W. Cheong and J.M. Cioffi, “Iterative soft interference cancellation for multi-
ple antenna systems,” in IEEE Wireless Communications and Networking Conference, vol. 1,
(Chicago, IL), pp. 304–309, September 2000.

[88] S. Baro, G. Bauch, A. Pavlic and A. Semmler, “Improving BLAST performance using space-
time block codes and turbo decoding,” in IEEE Global Telecommunications Conference
(GLOBECOM), vol. 2, (San Francisco, CA), pp. 1067–1071, 2000.



640 BIBLIOGRAPHY

[89] X. Jing, H. Wang, C. Ming and S. Cheng, “A novel BLAST detection algorithm based
instantaneous error ordering,” in IEEE International Conference on Communications, vol. 5,
pp. 3056–3060, May 2003.

[90] C. Shen, H. Zhuang, L. Dai and S. Zhou, “Detection algorithm improving V-BLAST perfor-
mance over error propagation,” Electronics Letters, vol. 39, pp. 1007–1008, June 2003.

[91] H. Yao and G.W. Wornell, “Lattice-reduction-aided detectors for MIMO communication
systems,” in IEEE Global Telecommunications Conference, vol. 1, pp. 424–428, November
2002.

[92] D. Wubben, R. Bohnke, V. Kuhn and K.-D. Kammeyer, “Near-maximum-likelihood detec-
tion of MIMO systems using MMSE-based lattice reduction,” in IEEE International Con-
ference on Communications, vol. 2, pp. 798–802, June 2004.

[93] A. Elkhazin, K. Plataniotis and S. Pasupathy, “Group MAP BLAST detector,” in IEEE
International Conference on Acoustics, Speech and Signal Processing, vol. 4, pp. 785–788,
May 2004.

[94] M. Sellathurai and S. Haykin, “T-BLAST for wireless communications: first experimental
results,” IEEE Transactions on Vehicular Technology, vol. 52, pp. 530–535, May 2003.

[95] R.T. Compton, Adaptive antennas: concepts and performance. Englewood Cliffs (NJ):
Prentice-Hall, 1988.

[96] L.C. Godara, “Applications of antenna arrays to mobile communications I: Performance im-
provement, feasibility and system considerations,” Proceedings of the IEEE, vol. 85, pp. 1031–
1060, July 1997.

[97] L.C. Godara, “Application of antenna arrays to mobile communications II: Beam-forming
and direction-of-arrival considerations,” Proceedings of the IEEE, vol. 85, pp. 1195–1245,
August 1997.

[98] M. Chryssomallis, “Smart antennas,” IEEE Antennas and Propagation Magazine, vol. 42,
pp. 129–136, June 2000.

[99] A.F. Naguib, N. Seshadri and A.R. Calderbank, “Applications of space-time block codes and
interference suppression for high capacity and high data rate wireless systems,” in Conference
Record of the Thirty-Second Asilomar Conference on Signals, Systems and Computers, vol. 2,
(Pacific Grove, CA), pp. 1803–1810, 1998.

[100] H. Huang and H. Viswanathan, “Multiple antennas and multiuser detection in high data
rate CDMA systems,” in IEEE 51st Vehicular Technology Conference Proceedings, vol. 1,
(Tokyo), pp. 556–560, May 2000.

[101] A. Stamoulis, N. Al-Dhahir and A. Calderbank, “Further results on interference cancellation
and space-time block codes,” in Conference Record of the Thirty-Fifth Asilomar Conference
on Signals, Systems and Computers, vol. 1, (Pacific Grove, CA), pp. 257–261, November
2001.

[102] H. Huang, H. Viswanathan and G.J. Foschini, “Multiple antennas in cellular CDMA systems:
transmission, detection and spectral efficiency,” IEEE Transactions on Wireless Communi-
cations, vol. 1, pp. 383–392, July 2002.

[103] R.A. Soni, R.M. Buehrer and R.D. Benning, “Intelligent antenna system for CDMA2000,”
IEEE Signal Processing Magazine, vol. 19, pp. 54–67, July 2002.

[104] J. Liu and E. Gunawan, “Combining ideal beamforming and Alamouti space-time block
codes,” Electronics Letters, vol. 39, pp. 1258–1259, August 2003.

[105] F. Zhu and M.S. Lim, “Combined beamforming with space-time block coding using double
antenna array group,” Electronics Letters, vol. 40, pp. 811–813, June 2004.

[106] L. Zhao and V.K. Dubey, “Detection schemes for space-time block code and spatial multi-
plexing combined system,” IEEE Communications Letters, vol. 9, pp. 49–51, January 2005.



BIBLIOGRAPHY 641

[107] H. Lee, E.J. Powers and J. Kang, “Low-complexity ZF detector for D-STTD systems in time-
selective fading channels,” in IEEE 62nd Vehicular Technology Conference, vol. 3, pp. 2043–
2047, September 2005.

[108] M. Sellathurai, T. Ratnarajah and P. Guinand, “Multirate layered space-time coding and
successive interference cancellation receivers in quasi-static fading channels,” IEEE Transac-
tions on Wireless Communications, vol. 6, pp. 4524–4533, December 2007.

[109] S. Ekbatani and H. Jafarkhani, “Combining beamforming and space-time coding using quan-
tized feedback,” IEEE Transactions on Wireless Communications, vol. 7, pp. 898–908, March
2008.

[110] A.F. Naguib, N. Seshadri and A.R. Calderbank, “Increasing data rate over wireless channels,”
IEEE Signal Processing Magazine, vol. 17, pp. 76–92, May 2000.

[111] N. Al-Dhahir, C. Fragouli, A. Stamoulis, W. Younis and R. Calderbank, “Space-time process-
ing for broadband wireless access,” IEEE Communications Magazine, vol. 40, pp. 136–142,
September 2002.

[112] W. Meng, L. Gu and C. Li, “The combined beamforming and space-time block coding tech-
nique for downlink transmission,” in International Conference on Wireless Networks, Com-
munications and Mobile Computing, vol. 1, pp. 481–486, June 2005.

[113] X. Li, A. Chindapol and J. A. Ritcey, “Bit-interleaved coded modulation with iterative
decoding and 8 PSK signaling,” IEEE Transactions on Communications, vol. 50, pp. 1250–
1257, August 2002.

[114] R. Negi, A.M. Tehrani and J.M. Cioffi, “Adaptive antennas for space-time codes in outdoor
channels,” IEEE Transactions on Communications, vol. 50, pp. 1918–1925, December 2002.

[115] R. Nabar, H. Bolcskei and A.J. Paulraj, “Transmit optimization for spatial multiplexing in
the presence of spatial fading correlation,” in IEEE Global Telecommunications Conference
(GLOBECOM), vol. 1, (San Antonio, TX), pp. 131–135, November 2001.

[116] Z. Hong, K. Liu, R.W. Jr. Heath and A.M. Sayeed, “Spatial multiplexing in correlated fading
via the virtual channel representation,” IEEE Journal on Selected Areas in Communications,
vol. 21, pp. 856–866, June 2003.

[117] H. Kim and J. Chun, “MIMO structure which combines the spatial multiplexing and beam-
forming,” in IEEE Vehicular Technology Conference, vol. 1, pp. 108–112, May 2004.

[118] A. Sendonaris, E. Erkip and B. Aazhang, “User cooperation diversity Part I: System descrip-
tion,” IEEE Transactions on Communications, vol. 51, no. 11, pp. 1927–1938, 2003.

[119] A. Sendonaris, E. Erkip and B. Aazhang, “User cooperation diversity Part II: Implementation
aspects and performance analysis,” IEEE Transactions on Communications, vol. 51, no. 11,
pp. 1939–1948, 2003.

[120] E.C. Van der Meulen, “Three-terminal communication channels,” Advanced Applied Proba-
bility, vol. 3, no. 1, pp. 120–154, 1971.

[121] T. Cover and A. El Gamal, “Capacity theorems for the relay channel,” IEEE Transactions
on Information Theory, vol. 25, no. 5, pp. 572–584, 1979.

[122] F. Willems, “The discrete memoryless multiple access channel with partially cooperating
encoders,” IEEE Transactions on Information Theory, vol. 29, no. 3, pp. 441–445, 1983.

[123] A. Sendonaris and E. Erkip and B. Aazhang, “Increasing uplink capacity via user cooperation
diversity,” in IEEE International Symposium on Information Theory, (Cambridge, MA),
August 1998.

[124] J.N. Laneman, G.W. Wornell and D.N.C. Tse, “An efficient protocol for realizing cooperative
diversity in wireless networks,” in IEEE International Symposium on Information Theory,
(Washington, DC), 2001.



642 BIBLIOGRAPHY

[125] T.E. Hunter and A. Nosratinia, “Cooperation diversity through coding,” in IEEE Interna-
tional Symposium on Information Theory, 2002.

[126] M. Dohler, E. Lefranc and H. Aghvami, “Space-time block codes for virtual antenna ar-
rays,” in The 13th IEEE International Symposium on Personal, Indoor and Mobile Radio
Communications, vol. 1, pp. 414–417, September 2002.

[127] M.C. Valenti and B. Zhao, “Distributed turbo codes: towards the capacity of the relay
channel,” in IEEE Vehicular Technology Conference VTC-Fall, vol. 1, pp. 322–326, October
2003.

[128] B. Zhao and M.C. Valenti, “Distributed turbo coded diversity for relay channel,” Electronics
Letters, vol. 39, pp. 786–787, May 2003.

[129] J.N. Laneman, D.N. Tse and G.W. Wornell, “Cooperative diversity in wireless networks:
Efficient protocols and outage behavior,” IEEE Transactions on Information Theory, vol. 50,
pp. 3062–3080, December 2004.

[130] R.U. Nabar, H. Bolcskei and F.W. Kneubuhler, “Fading relay channels: performance limits
and space-time signal design,” IEEE Journal on Selected Areas in Communications, vol. 22,
pp. 1099–1109, August 2004.

[131] M. Janani, A. Hedayat, T. Hunter and A. Nosratinia, “Coded cooperation in wireless com-
munications: space-time transmission and iterative decoding,” IEEE Transactions on Signal
Processing, vol. 52, pp. 362–371, February 2004.

[132] A. Stefanov and E. Erkip, “Cooperative coding for wireless networks,” IEEE Transactions
on Communications, vol. 52, pp. 1470–1476, September 2004.

[133] K. Azarian, H. El Gamal and P. Schniter, “On the achievable diversity-multiplexing tradeoff
in half-duplex cooperative channels,” IEEE Transactions on Information Theory, vol. 51,
pp. 4152–4172, December 2005.

[134] H. Sneessens and L. Vandendorpe, “Soft decode and forward improves cooperative com-
munications,” in 6th IEE International Conference on 3G and Beyond, (Washington, DC),
pp. 1–4, November 2005.

[135] R. Hu and J. Li, “Exploiting Slepian-Wolf codes in wireless user cooperation,” in IEEE 6th
Workshop on Signal Processing Advances in Wireless Communications, pp. 275–279, June
2005.

[136] M. Yu and J. Li, “Is amplify-and-forward practically better than decode-and-forward or
vice versa?,” in IEEE International Conference on Acoustics, Speech and Signal Processing,
vol. 3, March 2005.

[137] T.E. Hunter and A. Nosratinia, “Diversity through coded cooperation,” IEEE Transactions
on Wireless Communications, vol. 5, pp. 283–289, February 2006.

[138] T.E. Hunter, S. Sanayei and A. Nosratinia, “Outage analysis of coded cooperation,” IEEE
Transactions on Information Theory, vol. 52, pp. 375–391, February 2006.

[139] Y. Li, B. Vucetic, T.F. Wong and M. Dohler, “Distributed turbo coding with soft information
relaying in multihop relay networks,” IEEE Journal on Selected Areas in Communications,
vol. 24, pp. 2040–2050, November 2006.

[140] R. Hu and J. Li, “Practical compress-forward in user cooperation: Wyner-Ziv Cooperation,”
in IEEE International Symposium on Information Theory, (Seattle, WA), pp. 489–493, July
2006.

[141] A. Host-Madsen, “Capacity bounds for cooperative diversity,” IEEE Transactions on Infor-
mation Theory, vol. 52, pp. 1522–1544, April 2006.

[142] T. Bui and J. Yuan, “A decode and forward cooperation scheme with soft relaying in wireless
communication,” in IEEE 8th Workshop on Signal Processing Advances in Wireless Com-
munications (SPAWC), (Helsinki), pp. 1–5, June 2007.



BIBLIOGRAPHY 643

[143] M.N. Khormuji and E.G. Larsson, “Improving collaborative transmit diversity by using con-
stellation rearrangement,” in IEEE Wireless Communications and Networking Conference,
(Kowloon), pp. 803–807, March 2007.

[144] X. Bao and J. Li, “Efficient message relaying for wireless user cooperation: Decode-Amplify-
Forward (DAF) and Hybrid DAF and coded-cooperation,” IEEE Transactions on Wireless
Communications, vol. 6, pp. 3975–3984, November 2007.

[145] L. Xiao, T. Fuja, J. Kliewer and D. Costello, “A network coding approach to cooperative
diversity,” IEEE Transactions on Information Theory, vol. 53, pp. 3714–3722, October 2007.

[146] G. Yue, X. Wang, Z. Yang and A. Host-Madsen, “Coding schemes for user cooperation in
low-power regimes,” IEEE Transactions on Signal Processing, vol. 56, pp. 2035–2049, May
2008.

[147] W. Zhang, Y. Li, X.-G. Xia, P.C. Ching and K. Ben Letaief, “Distributed space-frequency
coding for cooperative diversity in broadband wireless Ad Hoc networks,” IEEE Transactions
on Wireless Communications, vol. 7, pp. 995–1003, March 2008.

[148] T. Wang and G.B. Giannakis, “Complex field network coding for multiuser cooperative
communications,” IEEE Journal on Selected Areas in Communications, vol. 26, pp. 561–
571, April 2008.

[149] P. Mitran, H. Ochiai and V. Tarokh, “Space-time diversity enhancements using collaborative
communications,” IEEE Transactions on Information Theory, vol. 51, pp. 2041–2057, June
2005.

[150] G. Forney, Concatenated codes. Cambridge: MIT Press, 1966.

[151] C. Berrou, A. Glavieux and P. Thitimajshima, “Near Shannon limit error-correcting cod-
ing and decoding: Turbo-codes. 1,” in IEEE International Conference on Communications,
vol. 2, (Geneva), pp. 1064–1070, May 1993.

[152] D. Divsalar and F. Pollara, “Multiple turbo codes for deep-space communications,” Telecom-
munications and Data Acquisition Progress Report 42-121, Jet Propulsion Laboratory,
Pasadena, CA, May 1995.

[153] S. Benedetto and G. Montorsi, “Serial concatenation of block and convolutional codes,” IEE
Electronics Letters, vol. 32, pp. 887–888, May 1996.

[154] S. Benedetto, D. Divsalar, G. Montorsi and F. Pollara, “Analysis, design, and iterative
decoding of double serially concatenated codes with interleavers,” IEEE Journal on Selected
Areas in Communications, vol. 16, pp. 231–244, February 1998.

[155] Raphaeli, D. and Zarai, Y., “Combined turbo equalization and turbo decoding,” in Proceed-
ings of IEEE Global Telecommunications Conference (GLOBECOM), vol. 2, (Phoenix, AZ),
pp. 639–643, November 1997.

[156] D. Raphaeli and Y. Zarai, “Combined turbo equalization and turbo decoding,” IEEE Com-
munications Letters, vol. 2, pp. 107–109, April 1998.

[157] M. Toegel, W. Pusch and H. Weinrichter, “Combined serially concatenated codes and turbo-
equalization,” in 2nd International Symposium on Turbo Codes, (Brest, France), pp. 375–378,
September 2000.

[158] R. Ramamurthy and W. E. Ryan, “Convolutional double accumulate codes (or double turbo
DPSK),” IEEE Communications Letters, vol. 5, pp. 157–159, April 2001.

[159] C. Douillard, M. Jezequel, C. Berrou, A. Picart, P. Didier and A. Glavieux, “Iterative cor-
rection of intersymbol interference: turbo equalization,” European Transaction on Telecom-
munications, vol. 6, pp. 507–511, September/October 1995.

[160] S. Benedetto, D. Divsalar, G. Montorsi and F. Pollara, “A soft-input soft-output APP module
for iterative decoding of concatenated codes,” IEEE Communications Letters, vol. 1, pp. 22–
24, January 1997.



644 BIBLIOGRAPHY

[161] G. Caire, G. Taricco and E. Biglieri, “Bit-interleaved coded modulation,” in Proceedings
of IEEE International Symposium on Information Theory (ISIT), (Ulm, Germany), p. 96,
June-July 1997.

[162] G. Caire, G. Taricco and E. Biglieri, “Bit-interleaved coded modulation,” IEEE Transactions
on Information Theory, vol. 44, pp. 927–946, May 1998.

[163] S. ten Brink, J. Speidel and R.-H. Yan, “Iterative demapping and decoding for multilevel
modulation,” in IEEE Global Telecommunications Conference (GLOBCOM), vol. 1, (Syd-
ney,NSW), pp. 579–584, 1998.

[164] X. Li and J. A. Ritcey, “Bit-interleaved coded modulation with iterative decoding,” IEEE
Communications Letters, vol. 1, pp. 169–171, November 1997.

[165] X. Li and J. A. Ritcey, “Bit-interleaved coded modulation with iterative decoding using soft
feedback,” IEE Electronics Letters, vol. 34, pp. 942–943, May 1998.

[166] X. Li and J. A. Ritcey, “Trellis-coded modulation with bit interleaving and iterative de-
coding,” IEEE Journal on Selected Areas in Communications, vol. 17, pp. 715–724, April
1999.

[167] X. Wang and H. V. Poor, “Iterative (turbo) soft interference cancellation and decoding for
coded CDMA,” IEEE Transactions on Communications, vol. 47, pp. 1046–1061, July 1999.

[168] A. Sezgin, D. Wuebben and V. Kuehn, “Analysis of mapping strategies for turbo-coded space-
time block codes,” in Proceedings of IEEE Information Theory Workshop, (Paris, France),
pp. 103–106, March/April 2003.

[169] L. Bahl, J. Cocke, F. Jelinek and J. Raviv, “Optimal decoding of linear codes for minimizing
symbol error rate,” IEEE Transactions on Information Theory, vol. 20, no. 2, pp. 284–287,
1974.

[170] P. Robertson, E. Villebrun and P. Hoeher, “A comparison of optimal and sub-optimal MAP
decoding algorithms operating in the Log domain,” in Proceedings of International Confer-
ence on Communications, (Seattle, USA), pp. 1009–1013, June 1995.

[171] S. Benedetto, D. Divsalar, G. Montorsi and F. Pollara, “Serial concatenation of interleaved
codes: performance analysis, design, and iterative decoding,” IEEE Transactions on Infor-
mation Theory, vol. 44, pp. 909–926, May 1998.

[172] D. Divsalar, S. Dolinar and F. Pollara, “Low complexity turbo-like codes,” in 2nd Interna-
tional Symposium on Turbo Codes and Related Topics, (Brest, France), pp. 73–80, September
2000.

[173] D. Divsalar, S. Dolinar and F. Pollara, “Serial turbo trellis coded modulation with rate-1
inner code,” in Proceedings of IEEE International Symposium on Information Theory (ISIT),
(Sorrento, Italy), p. 194, June 2000.

[174] S. ten Brink, “Designing iterative decoding schemes with the extrinsic information transfer
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[461] M. Tüchler, “Design of serially concatenated systems for long or short block lengths,” in
Proceedings of IEEE International Conference on Communications (ICC), vol. 4, (Anchorage
Alaska, USA), pp. 2948–2952, May 2003.

[462] V. Tarokh, H. Jafarkhani and A. R. Calderbank, “Space-time block coding for wireless com-
munications: performance results,” IEEE Journal on Selected Areas in Communications,
vol. 17, pp. 451–460, March 1999.

[463] G. J. Foschini, “Layered space-time architecture for wireless communication in a fading
environment when using multiple antennas,” Bell Labs Technical Journal, vol. 1, pp. 41–59,
Autumn 1996.

[464] J. Akhtman and L. Hanzo, “Reduced-complexity near-optimum detection for MIMO-OFDM:
Parts I and II,” submitted to IEEE Transactions on Wireless Communications, 2005.

[465] A. Maaref and S. Aissa, “Capacity of space-time block codes in MIMO Rayleigh fading
channels with adaptive transmission and estimation errors,” IEEE Transactions on Wireless
Communications, vol. 4, pp. 2568–2578, September 2005.

[466] K. K. Wong, A. Paulraj, and R. D. Murch, “Efficient high-performance decoding for over-
loaded MIMO antenna systems,” IEEE Transactions on Wireless Communications, vol. 6,
pp. 1833–1843, May 2007.

[467] L. Zhang, H. P. Lei, X. Zhang, and D. C. Yang, “Efficient complex sphere decoding framework
for linear dispersion space-time block codes,” in IEEE International Symposium on Personal,
Indoor and Mobile Radio Communications, (Greece), pp. 1–4, September 2007.

[468] D. Deng, M. Zhao, and J. K. Zhu, “Transmit antenna selection for linear dispersion codes
based on linear receiver,” in Vehicular Technology Conference, vol. 6, (Melbourne), pp. 2927–
2931, May 2006.

[469] M. Luby, “LT codes,” in IEEE Symposium on Foundations of Computer Science, (Vancouver,
Canada), pp. 271–280, November 2002.

[470] C. Y. Wei, T. Nguyen, N. Wu, J. Akhtman, L. L. Yang, and L. Hanzo, “Luby transform
coding aided iterative detection for downlink SDMA systems,” in IEEE Workshop on Signal
Processing Systems, (Shanghai, China), pp. 397–402, October 2007.

[471] N. Wu, T. D. Nguyen, C. Y. Wei, L. L. Yang, and L. Hanzo, “Integrated LT coding, bit
interleaved differential space time coding and sphere packing modulation for the wireless
internet,” in Vehicular Technology Conference, (Marina Bay, Singapore), pp. 344–348, May
2008.

[472] T. Kiran and B. S. Rajan, “Partially-coherent distributed space-time codes with differential
encoder and decoder,” IEEE Journal on Selected Areas in Communications, vol. 25, pp. 426–
433, February 2007.

[473] G. Y. Wang, Y. M. Zhang, and M. Amin, “Differential distributed space-time modulation for
cooperative networks,” IEEE Transactions on Wireless Communications, vol. 5, pp. 3097–
3108, November 2006.

[474] R. Mudumbai, G. Barriac, and U. Madhow, “On the feasibility of distributed beamforming in
wireless networks,” IEEE Transactions on Wireless Communications, vol. 6, pp. 1754–1763,
May 2007.

[475] M. El-Hajjar, S. Zummo and L. Hanzo, “Near-instantaneously adaptive cooperative schemes
based on space-time block codes and V-BLAST,” in IEEE Vehicular Technology Conference
(VTC2007-Spring), pp. 2200–2204, April 2007.



Author Index

Symbols
Leon-Garcia [285] . . . . . . . . . . . . . . . . . . . . . . . 100

A
A. Naguib [1]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .3
Akhtman [464] . . . . . . . . . . . . . . . . . . . . . . . . . . 569
Al-Semari [230] . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Alamouti [289] . . . . . . . . . . . . . . . . . . . . . . . . . . 125
Alamouti [215]55, 62, 65, 68, 73, 74, 85, 113,

118, 122, 125–127, 129, 568
Alamri [195] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Alamri [196] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Alamri [201] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Alamri [203] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Alamri [198] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Alamri [200] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Alamri [48] . . . 27, 28, 45, 275, 304, 306, 354,

359, 378, 397, 404, 455
Alamri [197] . . . . . . . . . . . . . . . . . . . . . . . . . . 45, 95
Alamri [202] . . . . . . . . . . . . . . . . . . . . . . . . .45, 183
Alamri [199] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Alamri [206] . . . . . . . . . . . . . . . . . . . . 46, 425, 439
Alamri [331] . . . . . . . . . 225, 364–366, 461, 462
Ashikhmin [306] . . . . . . . . . . . . . . . 243, 307, 469
Ashikhmin [303] 195, 243, 254, 307, 339, 410,

413, 469

B
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