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Wired phones 

Wired computer modems 

Wireless cell-phones 

Wireless modems 

In  the last twenty years  
of the  last century  

Now 



Modulation Bitrate [kbit/s] Year Released 

110 baud Bell 101 modem FSK 0.1 1958  

300 baud (Bell 103 or V.21) FSK 0.3 1962 

1200 modem (1200 baud) (Bell 202) FSK 1.2 

1200 Modem (600 baud) (Bell 212A or 
V.22) 

QPSK 1.2 1980 

2400 Modem (600 baud) (V.22bis) QAM, TCM 2.4 1984  

2400 Modem (1200 baud) (V.26bis) PSK 2.4 

4800 Modem (1600 baud) (V.27ter) PSK 4.8 

9600 Modem (2400 baud) (V.32) QAM, TCM 9.6 1984  

14.4k Modem (2400 baud) (V.32bis) QAM, TCM 14.4 1991  

28.8k Modem (3200 baud) (V.34) QAM, TCM 28.8 1994  

33.6k Modem (3429 baud) (V.34) QAM, TCM 33.6 

56k Modem (8000/3429 baud) (V.90) 56.0/33.6 1998  

56k Modem (8000/8000 baud) (V.92) 56.0/48.0 2000  

US Robotics 14.4kbits/s 

V.34 

Computer Modems 

http://en.wikipedia.org/wiki/Bitrate
http://en.wikipedia.org/wiki/Baud
http://en.wikipedia.org/wiki/Bell_101
http://en.wikipedia.org/wiki/Bell_103
http://en.wikipedia.org/wiki/ITU_V.21
http://en.wikipedia.org/wiki/Bell_202
http://en.wikipedia.org/wiki/Bell_212A
http://en.wikipedia.org/wiki/V.22
http://en.wikipedia.org/wiki/V.22bis
http://en.wikipedia.org/wiki/V.26bis
http://en.wikipedia.org/wiki/V.27ter
http://en.wikipedia.org/wiki/V.32
http://en.wikipedia.org/wiki/V.32bis
http://en.wikipedia.org/wiki/V.34
http://en.wikipedia.org/wiki/V.34
http://en.wikipedia.org/wiki/V.90_(recommendation)
http://en.wikipedia.org/wiki/V.92
http://en.wikipedia.org/wiki/File:Fax_modem_antigo.jpg
http://en.wikipedia.org/wiki/File:ModemISAv34.jpg


< 9.6 kbs/s                     equalization      (Lucky 60s) 

 

   9.6 kbs/s   1984          TCM +equalization (DFE) 

 

   14.4 kbs/s                   TCM 

   19.20 kbs/s                 TCM 

   28.8 kbs/s                   high dim TCM 

   33.6 kbs/s                   high dim TCM 

   56 kbs/s                      high dim TCM 

 

Asymmetric Digital Subscriber Line (ADSL) 

    6 Mbs/s                      orthogonal frequency division  

                                        multiplexing (OFDM) 

                                        or called discrete multi-tone (DMT) 

  

 

narrowband 

Higher SNR 

+ equalization 

Bandwidth efficient coding 
Several bits/s/Hz 

better 

Squeeze more 
bits to a symbol 
 

Use more bandwidth 

More advanced DSP 

Key Elements in Wired Modems (Impact of 
Coding): Two Ways to Improve Data Rates 



/LTE 



What is spatial diversity? 
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Multiple Antenna Systems: Spatial 
Diversity Using Space-Time Coding 

• Alamouti Code: Achieve Full Spatial Diversity 

Widely used in multiple antenna systems 

The 2 by 2 matrix is always full rank 

unless two information symbols are 

all zero. 



(Zheng-Tse) 



(Wang-Xia’03) 





nt: Tx number nr : Rx number 











Question:  What property should code X have in order to achieve  

                       full diversity when ZF or MMSE receiver is used? 





Y. Shang and X.-G. Xia, Space-Time Block Codes Achieving Full Diversity 

with Linear Receivers, IEEE Trans. on Information Theory, Oct. 2008.  

 

http://www.ece.udel.edu/~xxia/shang_xia_linear.pdf
http://www.ece.udel.edu/~xxia/shang_xia_linear.pdf
http://www.ece.udel.edu/~xxia/shang_xia_linear.pdf
http://www.ece.udel.edu/~xxia/shang_xia_linear.pdf
http://www.ece.udel.edu/~xxia/shang_xia_linear.pdf


 





for 3 and 4 Tx 













What Happens in Between Linear 
Receiver and ML Receiver? 

• We next propose partial interference 
cancellation (PIC) group decoding that serves 
as an intermediate decoding between the ML 
and linear receivers 
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Full Full Diversity Criterion (Guo-Xia’09) 



Full Diversity Criterion for PIC-SIC Group Decoding (Guo-Xia’09) 







X. Guo and X.-G. Xia, On Full Diversity Space-Time Block Codes with Partial 

Interference Cancellation Group Decoding, IEEE Trans. on Information Theory, Oct. 

2009. 

X. Guo and X.-G. Xia, Correction to ``On Full Diversity Space-Time Block Codes with 

Partial Interference Cancellation Group Decoding'‘, IEEE Trans. on Information Theory, 

July. 2010. 

http://www.ece.udel.edu/~xxia/paper_guo_xia_pub.pdf
http://www.ece.udel.edu/~xxia/paper_guo_xia_pub.pdf
http://www.ece.udel.edu/~xxia/paper_guo_xia_pub.pdf
http://www.ece.udel.edu/~xxia/paper_guo_xia_pub.pdf
http://www.ece.udel.edu/~xxia/correction_guo_xia.pdf
http://www.ece.udel.edu/~xxia/correction_guo_xia.pdf
http://www.ece.udel.edu/~xxia/correction_guo_xia.pdf
http://www.ece.udel.edu/~xxia/correction_guo_xia.pdf


Code Design Examples (Guo-Xia’09) 

(2 Tx and 3 time slots) 



Code Design Example for 4 Tx (Guo-Xia’09) 



for optimal q 











More Designs 

• Zhang-Xia (‘09), Globecom 2009;  

• Basar-Aygolu (‘09), ISWCS 2009; 

– Obtained a design for two Tx that achieves full diversity with 
single-complex-symbol-wise decoding but symbol rate 
higher than 1 (for OSTBC, the highest rate is 1) 

• Zhang-Shi-Xia (‘10), ISIT 2010 

• Xu-Xia (‘10), ISIT 2010, Conditional PIC Group 
Decoding, 2011 TIT 

• Shi-Zhang-Xia (2010, ArXiv, 2011 TCOM) 

• Zhang-Xu-Xia (2011, TIT, rates >2) 

• Natarajan-Rajan (2010, ArXiv, 2011 TWC) 



nt transmit antennas 
Decoding algorithms Rates Full diversity criterion Complexity 

Maximum-likelihood  
(ML) 

Linear receiver 
(ZF/MMSE) 

PIC  group decoding 

Conditional PIC 
group decoding 

Highest 

Lowest 

Highest (nt) 

Lowest (1) 

Group size(K) 

Weakest: Full rank criterion 
Linear independence of  
equivalent channel column  
vectors over signal constellation 

Strongest 
Linear independence of  
equivalent channel column  
vectors  

Orthogonal codes Un-necessary 1/2 Orthogonal 



Conclusion and Future Research 

• Presented a bridge between the most complicated but 
optimal ML receiver and the simplest linear receivers: PIC 
group decoding 

• Presented code/modulation design criterion to achieve full 
diversity with PIC group decoding 

• A trade-off of complexity-rate-performance/diversity 

• Some future research problems 
– How to systematically design these codes for an arbitrarily given 

grouping scheme 

– How to design these codes with optimal coding gains 

– Space-Time-Frequency code/modulation designs with low decoding 
complexity for MIMO-OFDM systems 

– Distributed space-time codes for multi-user and cooperative systems 

– Space-time code/modulation research is NOT finished yet 



Thank You 


