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Evaluating MIMO radio communication 

 

• theoretically 

• by pure simulation 

• by channel sounding 

• utilizing a testbed 

• utilizing a prototype 

• using the final product 

 

 

MIMO Testbed [T1,T2,T3,T4,T5] 

degree of realism 

effort 
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MIMO Testbed [T1,T2] 

Data is created and evaluated in Matlab ... 
 

 Number of Antennas: 4x4 
 Bandwidth: 5 MHz 
 Center Frequency: 2.5 GHz 
  

12x4 

20MHz 
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MIMO Testbed [T1,T2] 

• MIMO WiMAX 802.16-2004 
 OFDM physical layer 
 - including channel coding  
  and decoding  
 - SISO and MIMO  

• MIMO HSDPA (TxAA, DTxAA) 
 CDMA physical layer 
 - including channel coding  
  and decoding 
 - SISO and MIMO 

•  MIMO LTE (new) 
-  also MU, multi BS 
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Experimental MIMO Testbed: THE MOVIE 

 Movie only in the orignal presentation included 
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Outline 

 MIMO Testbed 

 WiMAX in Brief 

– Losses in WiMAX 

 HSDPA in Brief 

– signal generation and reception 

 LTE in Brief 

 Comparisons HSDPA vs. WiMAX 

 Further Comparisons to LTE 

 Conclusion 
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Adaptive Modulation and Coding (AMC) 

 Encoding 

– concatenated Reed-Solomon / convolutional code 

– puncturing depending on AMC information 

– optional block/convolutional turbo coding 

– Alternatively: LDPC coding 

 Adaptive symbol mapping 

 Optional Alamouti space-time coding 
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Adaptive Modulation and Coding (AMC) 

AMC value Modulation RS Code Rate CC Rate Overall Code Rate 

1 2-PAM 1 1/2 1/2 

2 4-QAM 3/4 2/3 1/2 

3 4-QAM 9/10 5/6 3/4 

4 16-QAM 3/4 2/3 1/2 

5 16-QAM 9/10 5/6 3/4 

6 64-QAM 8/9 3/4 2/3 

7 64-QAM 9/10 5/6 3/4 

3bit feedback 
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Block Transmission [W2] 

1. SIMO, 7 AMC schemes, 3 bit 
feedback 

2. MIMO with Alamouti, 7 AMC 
schemes, 3 bit feedback 

3. MIMO with spatial 
multiplexing, same coding 
scheme on both antennas, 3 
bit feedback 

4. MIMO with spatial 
multiplexing, individual 
coding schemes on both 
antennas, 6 bit feedback 
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 WiMAX does not reach Shannon bound because of 

– Channel estimation losses 

– Coding losses 

 

 SNR Gain of Improved Channel Estimators over the LS 
Estimator [W1] 

 

Losses 

Scenario 1 LMMSE genie-driven 

1x1 SISO 0.6 dB 1.2 dB 

2x1 Alamouti 1.8 dB 2.9 dB 

1x2 SIMO 0.5 dB 1.2 dB 

2x2 Alamouti 1.9 dB 3.2 dB 

2x2 Spatial Multiplexing (3 bit) 1.4 dB 2.4 dB 

2x2 Spatial Multiplexing (6 bit) 1.1 dB 2.2 dB 
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AWGN Performance of the Reed Solomon-Conv.Coder 
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AWGN Performance of LDPC codes 
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Losses in WiMAX 
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HSDPA Overview:  

Adaptive Modulation and Coding (AMC) 

 Channel adaptation is performed by means of 

– a Channel Quality Indicator (CQI) and 

– a Precoding Control Indicator (PCI) when two transmit antennas are 
available 

CQI: 30 values=5bit/15 values=4bit for DTxAA 

PCI: 2 bit/4bit for DTxAA 
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 HSDPA Parameters: CQI,PCI 

 

 Measurement not possible with quasi-static assumption 

– Mini receiver solution (computes the post equalization SINR) 

 

 HDSPA Losses:  

– channel estimation,  

– successive interference cancellation required due to non–
orthogonal synch codes 

– High self interference 

Significantly more Feedback 
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SINR Estimation in Minireceiver [H5,C6,C9] 

The post equalization SINR is given by 

• the signal power 

• the noise at the output of the equalizer 

• the remaining inter-symbol interference 

• the interference caused by spatially multiplexed streams sharing the 

same scrambling and spreading codes 

 

SINR is calculated for all possible precoding vectors and 
mapped to the supported CQI values. The precoding vector 
maximizing the transport block size is selected. 
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Verification of the SINR Estimation in the Simulation 

[H5,C9] 
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Simulation and Measurement Results 
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SIC 

Receiver 
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 Similar to WiMAX, LTE is an OFDM system 

 

 

 

 

 

 

 

 It offers AMC by 

– CQI (15 values=4bit/31 values =5 bit) 

– PMI (15 values=4bit) 

– RI (2 bit) 

– Minireceiver required again 

LTE in Brief [L1,L2,…,L14] 
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Two Measurement Campaigns: Alpine and Urban 

[W4,W5,C9] 
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Two Measurement Campaigns: Alpine and Urban 
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Two Measurement Campaigns: Alpine and Urban 

[C1,C2,C3,C4,C5,C6,C7,C8,C9] 
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Channel Capacities 

Capacity (Shannon, Foschini&Gans, Telatar) 

Mutual Information (constrained capacity) 

Achievable Mutual Information (constrained by Standard) 



30 

 Channel State Information (CSI) Loss: 

 

 

 

 Design Loss 

 

 

 

 Implementation Loss 

Throughput Losses 
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Channel 

State 

Information 

loss 

Design loss 

Implementation 

loss 
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Performance Comparisons 

~10dB loss ~10dB loss ~60% loss 
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Absolute Losses [C6,C9] 
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           WiMAX                                    HSDPA 

Relative Losses [C8,C9] 
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Relative Losses: WiMAX [C8,C9] 

No 

difference 

between 

Urban and 

Alpine 
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Relative Losses HSDPA [C8,C9] 

Difference 

between 

Urban and 

Alpine due to 

RMS Delay 

spread 



37 

Outline 

 MIMO Testbed 

 WiMAX in Brief 

– Losses in WiMAX 

 HSDPA in Brief 

– signal generation and reception 

 LTE in Brief 

 Comparisons HSDPA vs. WiMAX 

 Further Comparisons to LTE 

 Conclusion 



38 

 You can find below the links to each one of the LTE 
simulators:  

  
 

 LTE Downlink Link Level Simulator  

 LTE Downlink System Level Simulator  

 LTE Uplink Link Level Simulator  

 

 Now Available: 

 LTE-Advanced Downlink Link Level Simulator 

 

 Since 2009 >23,000 downloads 

Vienna LTE Simulators [L1-L20] 

http://www.nt.tuwien.ac.at/about-us/staff/josep-colom-ikuno/lte-downlink-link-level-simulator/
http://www.nt.tuwien.ac.at/about-us/staff/josep-colom-ikuno/lte-downlink-system-level-simulator/
http://www.nt.tuwien.ac.at/about-us/staff/josep-colom-ikuno/lte-uplink-link-level-simulator/
http://www.nt.tuwien.ac.at/about-us/staff/josep-colom-ikuno/lte-uplink-link-level-simulator/
http://www.nt.tuwien.ac.at/about-us/staff/josep-colom-ikuno/lte-uplink-link-level-simulator/
http://www.nt.tuwien.ac.at/about-us/staff/josep-colom-ikuno/lte-uplink-link-level-simulator/
http://www.nt.tuwien.ac.at/about-us/staff/josep-colom-ikuno/lte-uplink-link-level-simulator/
http://www.nt.tuwien.ac.at/about-us/staff/josep-colom-ikuno/lte-a-downlink-link-level-simulator/
http://www.nt.tuwien.ac.at/about-us/staff/josep-colom-ikuno/lte-a-downlink-link-level-simulator/
http://www.nt.tuwien.ac.at/about-us/staff/josep-colom-ikuno/lte-a-downlink-link-level-simulator/
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 Crossploarized antennas 

2x2 LTE OL Measurement with 10MHz Bandwidth 
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2x2 LTE OL Measurement with 10MHz Bandwidth 
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4x4 LTE OL Measurement with 10MHz Bandwidth 
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4x4 LTE OL Measurement with 10MHz Bandwidth 

 4x4 MIMO [L13,L14] 
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Maximum OLSM Throughput 10MHz Bandwidth 

 2x2 LTE 

 41% 
 

 4x4 LTE 

 36% 
 

 8x8 LTE 

 31% (predicted) 
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Conclusion 

 WiMAX and HSDPA are ~10dB off from the Shannon Bound! 

    Less than half of the potential throughput is achieved. 

 Channel estimation loss:  an overemphasized loss! 

– Channel knowledge at transmitter is mostly irrelevant 

 Design loss: a political loss! 

– Standards have not been treated scientifically yet 

 Implementation loss: an unavoidable loss! 

– Need of accurate implementation models as design loss depends on 
them! 

 

 LTE is not expected to be much better! 

 

 In particular LTE MIMO is not efficient! 
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 Gain 25% throughput by using the entire spectrum 

    Synchronise base stations! 

 

 

 

 

 

 Gain 13% throughput by switching to differential 
encodingno pilots 

 

 Gain a lot % throughput by utilising MIMO the right way: 

    Does anybody know how??? 

Improvements 
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Thank you for your attention. 
http://www.nt.tuwien.ac.at/ 

 

http://www.nt.tuwien.ac.at/
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Danke für Ihre Aufmerksamkeit. 
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With help from… 



Available now! 



49 

Testbed References 

[T1] Sebastian Caban, Christian Mehlführer, Robert Langwieser, Arpad L. Scholtz, Markus Rupp, “Vienna 
MIMO Testbed,” in EURASIP JASP Special Issue on Implementation Aspects and Testbeds for MIMO 
Systems, Vol. 2006, Article ID 54868 (2006), http://publik.tuwien.ac.at/files/pub-et_10929.pdf. 
 

[T2] Markus Rupp, Christian Mehlführer, Sebastian Caban, Robert Langwieser, Lukas W. Mayer, Arpad L. 
Scholtz, “Testbeds and Rapid Prototyping in Wireless System Design,” in EURASIP 
Newsletter, 17 (2006), pp. 32-50, http://publik.tuwien.ac.at/files/pub-et_11232.pdf. 

 

[T3] Thomas Kaiser, Andreas Wilzeck, Martin Berentsen, Markus Rupp, “Prototyping for MIMO 
Systems - an Overview,” in Proc. 12th European Signal Processing Conference (EUSIPCO 2004), 
Vienna, Austria, pp. 681-688, Sept. 2004, http://publik.tuwien.ac.at/files/pub-et_8809.pdf. 

 

[T4] Markus Rupp, Andreas Burg, Eric Beck, “Rapid prototyping for wireless designs: the five-ones 
approach,” in Signal Processing, vol. 83, Issue 7, pp. 1427-1444, July 2003, 
http://publik.tuwien.ac.at/files/pub-et_7159.pdf. 

 

[T5]  S. Caban, C. Mehlführer, G. Lechner, and M. Rupp, “Testbedding MIMO HSDPA and WiMAX,”  
  Proc. 70th IEEE Vehicular Technology Conference (VTC2009-Fall), Anchorage, AK, USA, Sep. 2009. 
  http://publik.tuwien.ac.at/files/PubDat 176574.pdf 

  

[T6] Sebastian Caban, Jose Antonio Garcia Naya, and Markus Rupp, ''Measuring the Physical Layer 
Performance of Wireless Communication Systems,''  IEEE Instrumentation and Measurement 
Magazine, October 2011. 

 

 

 

 

 

http://publik.tuwien.ac.at/files/pub-et_10929.pdf
http://publik.tuwien.ac.at/files/pub-et_10929.pdf
http://publik.tuwien.ac.at/files/pub-et_10929.pdf
http://publik.tuwien.ac.at/files/pub-et_11232.pdf
http://publik.tuwien.ac.at/files/pub-et_11232.pdf
http://publik.tuwien.ac.at/files/pub-et_11232.pdf
http://publik.tuwien.ac.at/files/pub-et_8809.pdf
http://publik.tuwien.ac.at/files/pub-et_8809.pdf
http://publik.tuwien.ac.at/files/pub-et_8809.pdf
http://publik.tuwien.ac.at/files/pub-et_7159.pdf
http://publik.tuwien.ac.at/files/pub-et_7159.pdf
http://publik.tuwien.ac.at/files/pub-et_7159.pdf
http://publik.tuwien.ac.at/files/PubDat 176574.pdf


50 

HSDPA References 

[H1] Dagmar Bosanska, Christian Mehlführer, Markus Rupp, “Performance Evaluation of Intra-cell 
Interference Cancelation in D-TxAA HSDPA,” in Proc. International ITG Workshop on Smart 
Antennas (WSA 2008), Germany, Feb. 2008, http://publik.tuwien.ac.at/files/pub-et_13677.pdf. 

 

[H2] Martin Wrulich, Christian Mehlführer, Markus Rupp, “Interference Aware MMSE Equalization for 
MIMO TxAA,” in Proc. International Symposium on Communications, Control, and Signal Processing 
2008 (ISCCSP 2008) , pp. 1585-1589, St. Julians, Malta, Mar. 2008, 
http://publik.tuwien.ac.at/files/pub-et_13657.pdf. 

 

[H3] Christian Mehlführer, Martin Wrulich, Markus Rupp, “Intra-cell Interference Aware Equalization 
for TxAA HSDPA,” in Proc. IEEE International Symposium on Wireless Pervasive Computing (ISWPC 
2008), pp. 406-409, Santorini Greece, http://publik.tuwien.ac.at/files/pub-et_13749.pdf. 

 

[H4] Christian Mehlführer, Sebastian Caban, Markus Rupp, “Measurement based evaluation of low 
complexity receivers for D-TxAA HSDPA,”  in Proc. 16th European Signal Processing Conference 
(EUSIPCO 2008), Lausanne, Aug. 2008. http://publik.tuwien.ac.at/files/PubDat_166132.pdf  

 

[H5] Christian Mehlführer, Sebastian Caban, Martin Wrulich, and Markus Rupp, “Joint Throughput 
Optimized CQI and Precoding Weight Calculation for MIMO HSDPA,” 42nd Asilomar 
Conference on Signals, Systems and Computers, 2008, Pacific Grove, CA, USA, Oct. 2008. 
http://publik.tuwien.ac.at/files/PubDat_167015.pdf  

 

[H6] Christian Mehlführer, Markus Rupp, “Novel Tap-wise LMMSE channel estimation for MIMO W-
CDMA,”   51st Annual IEEE Globecom Conference 2008, New Orleans, LA, USA, Nov. 2008. 
http://publik.tuwien.ac.at/files/PubDat_169129.pdf  

 

 

 

http://publik.tuwien.ac.at/files/pub-et_13677.pdf
http://publik.tuwien.ac.at/files/pub-et_13677.pdf
http://publik.tuwien.ac.at/files/pub-et_13677.pdf
http://publik.tuwien.ac.at/files/pub-et_13657.pdf
http://publik.tuwien.ac.at/files/pub-et_13657.pdf
http://publik.tuwien.ac.at/files/pub-et_13657.pdf
http://publik.tuwien.ac.at/files/pub-et_13749.pdf
http://publik.tuwien.ac.at/files/pub-et_13749.pdf
http://publik.tuwien.ac.at/files/pub-et_13749.pdf
http://publik.tuwien.ac.at/files/PubDat_166132.pdf
http://publik.tuwien.ac.at/files/PubDat_167015.pdf
http://publik.tuwien.ac.at/files/PubDat_169129.pdf


51 

WiMAX References 

[W1]  Christian Mehlführer, Sebastian Caban, Markus Rupp, “An Accurate and Low Complex Channel 
Estimator for OFDM WiMAX,” in Proc. International Symposium on Communications, Control, and 
Signal Processing 2008, pp. 922–926, St. Julians, Malta, Mar. 2008, 
http://publik.tuwien.ac.at/files/pub-et_13650.pdf. 

 

[W2] Christian Mehlführer, Sebastian Caban, Markus Rupp, “Experimental Evaluation of Adaptive 
Modulation and Coding in MIMO WiMAX with Limited Feedback,” in EURASIP JASP Special 
Issue on MIMO Transmission with Limited Feedback, Vol. 2008, Article ID 837102 (2008), 
http://publik.tuwien.ac.at/files/pub-et_13762.pdf 

 

[W3]  Dagmar Bosanska, Christian Mehlführer, Markus Rupp, "Channel Adaptive OFDM Systems with 
   Packet Error Rate Adaptation," Proc. of Workshop on on Smart Antennas (WSA09), Berlin,  
   Feb. 2009. http://publik.tuwien.ac.at/files/PubDat_175538.pdf  

 

[W4]  Qi Wang, Christian Mehlführer, Markus Rupp, "SNR Optimized Residual Frequency Offset 
   Compensation for WiMAX with Througput Evaluation," EUSIPCO conference, Glasgow, UK, 
   August 2009. http://publik.tuwien.ac.at/files/PubDat_176678.pdf  

 

[W5]  Qi Wang, Sebastian Caban, Christian Mehlführer, Markus Rupp, "Measurement based Evaluation  
   of Residual Frequency Offset Compensation in WiMAX," ELMAR conference, Zadar, Sept.  
   2009. http://publik.tuwien.ac.at/files/PubDat_176679.pdf  

 

 

http://publik.tuwien.ac.at/files/pub-et_13650.pdf
http://publik.tuwien.ac.at/files/pub-et_13650.pdf
http://publik.tuwien.ac.at/files/pub-et_13650.pdf
http://publik.tuwien.ac.at/files/pub-et_13762.pdf
http://publik.tuwien.ac.at/files/pub-et_13762.pdf
http://publik.tuwien.ac.at/files/pub-et_13762.pdf
http://publik.tuwien.ac.at/files/PubDat_175538.pdf
http://publik.tuwien.ac.at/files/PubDat_176678.pdf
http://publik.tuwien.ac.at/files/PubDat_176679.pdf


52 

[C1]  Sebastian Caban, Christian Mehlführer, Gottfried Lechner, Markus Rupp, "Testbedding MIMO 
  HSDPA and WiMAX," VTC Fall, Anchorage US, Sept. 2009. 
  http://publik.tuwien.ac.at/files/PubDat_176574.pdf  

 

[C2]  Jose A. Garcia-Naya, Christian Mehlführer, Sebastian Caban, Markus Rupp, Luis Castedo, 
 "Throughput-based Antenna Selection Measurements,“ VTC Fall, Anchorage US, Sept.  
 2009. http://publik.tuwien.ac.at/files/PubDat_176573.pdf  

 

[C3]  Christian Mehlführer, Sebastian Caban, Markus Rupp, "MIMO HSDPA Throughput 
  Measurement Results in an Urban Scenario," VTC Fall, Anchorage US, Sept. 2009. 
 http://publik.tuwien.ac.at/files/PubDat_176321.pdf  

 

[C4]  Christian Mehlführer, Sebastian Caban, Jose A. Garcia-Naya, Markus Rupp, "Throughput and 
  Capacity of MIMO WiMAX," Proc. of Asilomar Conference on Signals, Systems, and Computers, 
  1-4. Nov. 2009. http://publik.tuwien.ac.at/files/PubDat_187112.pdf  

 

[C5]  M. Rupp, J. A. Garcıa-Naya, C. Mehlfuhrer, S. Caban, and L. Castedo, “On mutual information 
and capacity in frequency selective wireless channels,” Proc. IEEE International Conference 
on Communications (ICC 2010), Cape Town, South Africa, May 2010. 
http://publik.tuwien.ac.at/files/PubDat 184660.pdf  

 

 

Comparisons 

http://publik.tuwien.ac.at/files/PubDat_176574.pdf
http://publik.tuwien.ac.at/files/PubDat_176573.pdf
http://publik.tuwien.ac.at/files/PubDat_176321.pdf
http://publik.tuwien.ac.at/files/PubDat_187112.pdf
http://publik.tuwien.ac.at/files/PubDat 184660.pdf


53 

 
[C6] Christian Mehlführer, Sebastian Caban, Markus Rupp, "Measurement based Performance 

Evaluation of MIMO HSDPA," IEEE Transactions on Vehicular Technologies, 2010. 
 http://publik.tuwien.ac.at/files/PubDat_187112.pdf  

 

[C7] Markus Rupp, Christian Mehlführer, Sebastian Caban, "On Achieving the Shannon Bound in 
Cellular Systems," Radioelektronika 2010, Brno, Czech Republic, 17-19. April 2010. 
http://publik.tuwien.ac.at/files/PubDat_185403.pdf  

 

[C8] Christian Mehlführer, Sebastian Caban, Markus Rupp, "Cellular System Throughput: How far 
off are  we from the Shannon Bound?,” IEEE Magazine on Wireless Communications, Dec. 
2011. 

 

[C9] Sebastian Caban, Christian Mehlführer, Markus Rupp, Martin Wrulich, "Evaluation of HSDPA and 
LTE, From Testbed Measurements to System Level Performance," Wiley Publications, Jan. 
2012. 

[C10] L. Hanzo, H. Haas, S. Imre, D. O´Brien, M. Rupp, L. Gyongyosi Wireless Myths, Realities and 
Futures: From 3G/4G to Optical and Quantum Wireless, Proceedings of the IEEE, 100, pages 1853 - 
1888, 2012. 

Comparisons 

http://publik.tuwien.ac.at/files/PubDat_187112.pdf
http://publik.tuwien.ac.at/files/PubDat_185403.pdf


54 

[L1] C. Mehlführer, M. Wrulich, J. Colom Ikuno, D. Bosanska, M. Rupp: "Simulating the Long Term 
Evolution Physical Layer"; EUSIPCO European Signal Processing Conf., Glasgow,  Aug. 2009. 

 

[L2] S. Schwarz, C. Mehlführer, M. Rupp: "Calculation of the Spatial Preprocessing and Link 

Adaption Feedback for 3GPP UMTS/LTE"; "IEEE Proceedings of Wireless Advanced 2010", 

London, 2010. 

 

[L3] S. Schwarz, C. Mehlführer, M. Rupp: "Low Complexity Approximate Maximum Throughput 
Scheduling for LTE" Asilomar Conf. on Signals, Systems, and Computers, Pac. Grove, Nov. 2010. 

 

[L4] S. Schwarz, M. Wrulich, M. Rupp: "Mutual Information based Calculation of the Precoding 
Matrix Indicator for 3GPP UMTS/LTE" ITG Workshop on Smart Antennas, Bremen Feb. 2010 

 

[L5] M. Simko, C. Mehlführer, M. Wrulich, M. Rupp: "Doubly Dispersive Channel Estimation with 
Scalable Complexity"; ITG Workshop on Smart Antennas, Bremen; Feb. 2010  

 

[L6] J. Colom Ikuno, M. Wrulich, M. Rupp: "System level simulation of LTE networks"; 71st 
Vehicular Technology Conference: VTC2010-Spring, Taipei; May 2010. 

 

[L7] Q. Wang, C. Mehlführer, M. Rupp: "Carrier Frequency Synchronization in the Downlink of 
3GPP LTE"; Int. Symposium on Personal, Indoor and Mobile Radio Communication (PIMRC), 
Istanbul, Turkey; Sept. 2010. 

 

LTE 

http://publik.tuwien.ac.at/files/PubDat_175708.pdf
http://publik.tuwien.ac.at/files/PubDat_175708.pdf
http://publik.tuwien.ac.at/files/PubDat_175708.pdf
http://publik.tuwien.ac.at/files/PubDat_175708.pdf
http://publik.tuwien.ac.at/files/PubDat_175708.pdf
http://publik.tuwien.ac.at/files/PubDat_175708.pdf
http://publik.tuwien.ac.at/files/PubDat_175708.pdf
http://publik.tuwien.ac.at/files/PubDat_175708.pdf
http://publik.tuwien.ac.at/files/PubDat_175708.pdf
http://publik.tuwien.ac.at/files/PubDat_175708.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_186497.pdf
http://publik.tuwien.ac.at/files/PubDat_187402.pdf
http://publik.tuwien.ac.at/files/PubDat_187402.pdf
http://publik.tuwien.ac.at/files/PubDat_187402.pdf
http://publik.tuwien.ac.at/files/PubDat_187402.pdf
http://publik.tuwien.ac.at/files/PubDat_187402.pdf
http://publik.tuwien.ac.at/files/PubDat_187402.pdf
http://publik.tuwien.ac.at/files/PubDat_187402.pdf
http://publik.tuwien.ac.at/files/PubDat_187402.pdf
http://publik.tuwien.ac.at/files/PubDat_187402.pdf
http://publik.tuwien.ac.at/files/PubDat_187402.pdf
http://publik.tuwien.ac.at/files/PubDat_187402.pdf
http://publik.tuwien.ac.at/files/PubDat_187402.pdf
http://publik.tuwien.ac.at/files/PubDat_187402.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_184424.pdf
http://publik.tuwien.ac.at/files/PubDat_181229.pdf
http://publik.tuwien.ac.at/files/PubDat_181229.pdf
http://publik.tuwien.ac.at/files/PubDat_181229.pdf
http://publik.tuwien.ac.at/files/PubDat_181229.pdf
http://publik.tuwien.ac.at/files/PubDat_181229.pdf
http://publik.tuwien.ac.at/files/PubDat_181229.pdf
http://publik.tuwien.ac.at/files/PubDat_181229.pdf
http://publik.tuwien.ac.at/files/PubDat_181229.pdf
http://publik.tuwien.ac.at/files/PubDat_181229.pdf
http://publik.tuwien.ac.at/files/PubDat_181229.pdf
http://publik.tuwien.ac.at/files/PubDat_181229.pdf
http://publik.tuwien.ac.at/files/PubDat_181229.pdf
http://publik.tuwien.ac.at/files/PubDat_184908.pdf
http://publik.tuwien.ac.at/files/PubDat_184908.pdf
http://publik.tuwien.ac.at/files/PubDat_184908.pdf
http://publik.tuwien.ac.at/files/PubDat_184908.pdf
http://publik.tuwien.ac.at/files/PubDat_184908.pdf
http://publik.tuwien.ac.at/files/PubDat_184908.pdf
http://publik.tuwien.ac.at/files/PubDat_184908.pdf
http://publik.tuwien.ac.at/files/PubDat_184908.pdf
http://publik.tuwien.ac.at/files/PubDat_184908.pdf
http://publik.tuwien.ac.at/files/PubDat_187636.pdf
http://publik.tuwien.ac.at/files/PubDat_187636.pdf
http://publik.tuwien.ac.at/files/PubDat_187636.pdf
http://publik.tuwien.ac.at/files/PubDat_187636.pdf
http://publik.tuwien.ac.at/files/PubDat_187636.pdf
http://publik.tuwien.ac.at/files/PubDat_187636.pdf
http://publik.tuwien.ac.at/files/PubDat_187636.pdf
http://publik.tuwien.ac.at/files/PubDat_187636.pdf
http://publik.tuwien.ac.at/files/PubDat_187636.pdf
http://publik.tuwien.ac.at/files/PubDat_187636.pdf
http://publik.tuwien.ac.at/files/PubDat_187636.pdf
http://publik.tuwien.ac.at/files/PubDat_187636.pdf
http://publik.tuwien.ac.at/files/PubDat_187636.pdf
http://publik.tuwien.ac.at/files/PubDat_187636.pdf


55 

[L8] M. Simko, C. Mehlführer, T. Zemen, M. Rupp: "Inter-Carrier Interference Estimation in 
MIMO OFDM Systems with Arbitrary Pilot Structure"; 73rd IEEE Vehicular Technology 
Conference (VTC2011-Spring), Hungary; May 2011.(Best Paper Award) 

 

[L9] M. Simko, D. Wu, C. Mehlführer, J. Eilert, D. Liu: "Implementation Aspects of Channel 
Estimation for 3GPP LTE Terminals"; European Wireless 2011, Vienna;  Apr. 2011. 

 

[L10]  J. Colom Ikuno, S. Schwarz, M. Simko, "LTE Rate Matching Performance with Code Block 
Balancing,"  European Wireless 2011, Vienna; 27.04.2011 - 29.04.2011 

 

[L11] S. Schwarz, C. Mehlführer, M. Rupp: "Throughput Maximizing Multiuser Scheduling with 
Adjustable Fairness";  IEEE International Communication Conference (ICC), Kyoto, June 2011. 

 

[L12] C.Mehlführer, J.kuno, M.Simko, S.Schwarz, M.Wrulich, M.Rupp, ''The Vienna LTE Simulators - 
Enabling Reproducibility in Wireless Communications Research,'' Special Issue JASP 2011. 

 

[L13]  S. Schwarz, M. Rupp, "Throughput Maximizing Feedback for MIMO OFDM Based 
Wireless Communication Systems," IEEE Workshop on Signal Processing Advances in Wireless 
Communications (SPAWC), San Francisco, CA; June 2011. 

 

[L14]  S. Schwarz, M. Simko, M. Rupp "On Performance Bounds for MIMO OFDM Based Wireless 
Communication Systems," IEEE Workshop on Signal Processing Advances in Wireless 
Communications (SPAWC), San Francisco, CA; June 2011. 

 

LTE 

http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195098.pdf
http://publik.tuwien.ac.at/files/PubDat_195304.pdf
http://publik.tuwien.ac.at/files/PubDat_195304.pdf
http://publik.tuwien.ac.at/files/PubDat_195304.pdf
http://publik.tuwien.ac.at/files/PubDat_195304.pdf
http://publik.tuwien.ac.at/files/PubDat_195304.pdf
http://publik.tuwien.ac.at/files/PubDat_195304.pdf
http://publik.tuwien.ac.at/files/PubDat_195304.pdf
http://publik.tuwien.ac.at/files/PubDat_195304.pdf
http://publik.tuwien.ac.at/files/PubDat_195304.pdf
http://publik.tuwien.ac.at/files/PubDat_195304.pdf
http://publik.tuwien.ac.at/files/PubDat_195304.pdf
http://publik.tuwien.ac.at/files/PubDat_195304.pdf
http://publik.tuwien.ac.at/files/PubDat_196217.pdf
http://publik.tuwien.ac.at/files/PubDat_196217.pdf
http://publik.tuwien.ac.at/files/PubDat_196217.pdf
http://publik.tuwien.ac.at/files/PubDat_196217.pdf
http://publik.tuwien.ac.at/files/PubDat_196217.pdf
http://publik.tuwien.ac.at/files/PubDat_196217.pdf
http://publik.tuwien.ac.at/files/PubDat_196217.pdf
http://publik.tuwien.ac.at/files/PubDat_196217.pdf
http://publik.tuwien.ac.at/files/PubDat_195161.pdf
http://publik.tuwien.ac.at/files/PubDat_195161.pdf
http://publik.tuwien.ac.at/files/PubDat_195161.pdf
http://publik.tuwien.ac.at/files/PubDat_195161.pdf
http://publik.tuwien.ac.at/files/PubDat_195161.pdf
http://publik.tuwien.ac.at/files/PubDat_195161.pdf
http://publik.tuwien.ac.at/files/PubDat_195161.pdf
http://publik.tuwien.ac.at/files/PubDat_195161.pdf
http://publik.tuwien.ac.at/files/PubDat_195161.pdf
http://publik.tuwien.ac.at/files/PubDat_195161.pdf
http://publik.tuwien.ac.at/files/PubDat_195161.pdf
http://publik.tuwien.ac.at/files/PubDat_195161.pdf
http://publik.tuwien.ac.at/files/PubDat_199104.pdf
http://publik.tuwien.ac.at/files/PubDat_199104.pdf
http://publik.tuwien.ac.at/files/PubDat_199104.pdf
http://publik.tuwien.ac.at/files/PubDat_199104.pdf
http://publik.tuwien.ac.at/files/PubDat_199104.pdf
http://publik.tuwien.ac.at/files/PubDat_199104.pdf
http://publik.tuwien.ac.at/files/PubDat_199104.pdf
http://publik.tuwien.ac.at/files/PubDat_199104.pdf
http://publik.tuwien.ac.at/files/PubDat_196436.pdf
http://publik.tuwien.ac.at/files/PubDat_196436.pdf
http://publik.tuwien.ac.at/files/PubDat_196436.pdf
http://publik.tuwien.ac.at/files/PubDat_196436.pdf
http://publik.tuwien.ac.at/files/PubDat_196436.pdf
http://publik.tuwien.ac.at/files/PubDat_196436.pdf
http://publik.tuwien.ac.at/files/PubDat_196436.pdf
http://publik.tuwien.ac.at/files/PubDat_196436.pdf
http://publik.tuwien.ac.at/files/PubDat_196436.pdf
http://publik.tuwien.ac.at/files/PubDat_196436.pdf
http://publik.tuwien.ac.at/files/PubDat_196436.pdf
http://publik.tuwien.ac.at/files/PubDat_196435.pdf
http://publik.tuwien.ac.at/files/PubDat_196435.pdf
http://publik.tuwien.ac.at/files/PubDat_196435.pdf
http://publik.tuwien.ac.at/files/PubDat_196435.pdf
http://publik.tuwien.ac.at/files/PubDat_196435.pdf
http://publik.tuwien.ac.at/files/PubDat_196435.pdf
http://publik.tuwien.ac.at/files/PubDat_196435.pdf
http://publik.tuwien.ac.at/files/PubDat_196435.pdf
http://publik.tuwien.ac.at/files/PubDat_196435.pdf
http://publik.tuwien.ac.at/files/PubDat_196435.pdf


56 

[L15] J. Colom Ikuno, C. Mehlführer, M. Rupp, "A Novel Link Error Prediction Model for OFDM 
Systems with HARQ";  IEEE International Conference on Communications 2011 (ICC), Kyoto, 
Japan, June 2011. 

 

[L16] J. Reitterer, M. Rupp, "Interference Alignment In UMTS Long Term Evolution," 
European Signal Processing Conference EUSIPCO 2011, Spain; Aug. 2011. 

 

[L17] M. Simko, S. Pendl, S. Schwarz, Q. Wang, J. Colom Ikuno, M. Rupp, "Optimal Pilot Symbol 
Power Allocation in LTE," 74th IEEE Vehicular Technology Conference (VTC2011-Fall), San 
Francisco, USA; Sept. 2011. 

 

[L18] Q. Wang, M. Simko, M. Rupp, "Modified Symbol Timing Offset Estimation for OFDM over 
Frequency Selective Channels“,‘‘‘IEEE Vehicular Technology Conference (VTC), San Francisco, USA; 
Sept. 2011. 

 

[L19] Q. Wang, M. Rupp, "Analytical Link Performance Evaluation of LTE Downlink with Carrier 
Frequency Offset"; Asilomar Conference on Signals, Systems, and Computers, Pacific Grove; 6.-
9.11.2011.  

 

[L20] M. Simko, M. Rupp, "Optimal Pilot Symbol Power Allocation in Multi-Cell Scenarios of LTE,’’ 
Asilomar Conference on Signals, Systems, and Computers, Pacific Grove; 6.-9.11.2011. 

 
 

LTE 

http://publik.tuwien.ac.at/files/PubDat_196218.pdf
http://publik.tuwien.ac.at/files/PubDat_196218.pdf
http://publik.tuwien.ac.at/files/PubDat_196218.pdf
http://publik.tuwien.ac.at/files/PubDat_196218.pdf
http://publik.tuwien.ac.at/files/PubDat_196218.pdf
http://publik.tuwien.ac.at/files/PubDat_196218.pdf
http://publik.tuwien.ac.at/files/PubDat_196218.pdf
http://publik.tuwien.ac.at/files/PubDat_196218.pdf
http://publik.tuwien.ac.at/files/PubDat_196218.pdf
http://publik.tuwien.ac.at/files/PubDat_196218.pdf
http://publik.tuwien.ac.at/files/PubDat_196218.pdf
http://publik.tuwien.ac.at/files/PubDat_196218.pdf
http://publik.tuwien.ac.at/files/PubDat_196218.pdf
http://publik.tuwien.ac.at/files/PubDat_196218.pdf
http://publik.tuwien.ac.at/files/PubDat_198730.pdf
http://publik.tuwien.ac.at/files/PubDat_198730.pdf
http://publik.tuwien.ac.at/files/PubDat_198730.pdf
http://publik.tuwien.ac.at/files/PubDat_198730.pdf
http://publik.tuwien.ac.at/files/PubDat_198730.pdf
http://publik.tuwien.ac.at/files/PubDat_197012.pdf
http://publik.tuwien.ac.at/files/PubDat_197012.pdf
http://publik.tuwien.ac.at/files/PubDat_197012.pdf
http://publik.tuwien.ac.at/files/PubDat_197012.pdf
http://publik.tuwien.ac.at/files/PubDat_197012.pdf
http://publik.tuwien.ac.at/files/PubDat_196934.pdf
http://publik.tuwien.ac.at/files/PubDat_196934.pdf
http://publik.tuwien.ac.at/files/PubDat_199885.pdf
http://publik.tuwien.ac.at/files/PubDat_199885.pdf
http://publik.tuwien.ac.at/files/PubDat_199885.pdf
http://publik.tuwien.ac.at/files/PubDat_199885.pdf
http://publik.tuwien.ac.at/files/PubDat_199885.pdf
http://publik.tuwien.ac.at/files/PubDat_199885.pdf
http://publik.tuwien.ac.at/files/PubDat_199885.pdf
http://publik.tuwien.ac.at/files/PubDat_199885.pdf
http://publik.tuwien.ac.at/files/PubDat_199885.pdf
http://publik.tuwien.ac.at/files/PubDat_199885.pdf
http://publik.tuwien.ac.at/files/PubDat_199885.pdf
http://publik.tuwien.ac.at/files/PubDat_199885.pdf
http://publik.tuwien.ac.at/files/PubDat_199885.pdf
http://publik.tuwien.ac.at/files/PubDat_200461.pdf
http://publik.tuwien.ac.at/files/PubDat_200461.pdf
http://publik.tuwien.ac.at/files/PubDat_200461.pdf


57 

 [L21] M. Simko, P. Diniz, Q. Wang, M. Rupp Power Efficient Pilot Symbol Power Allocation under 
Time-variant Channels, in Proc. Proc. 76th IEEE Vehicular Technology Conference (VTC2012-Fall), 
Quebec, Canada, September, 2012.  

 

 [L22] S. Schwarz, M. Rupp Adaptive Channel Direction Quantization based on Spherical Prediction, 
in Proc. IEEE International Conference on Communications (ICC) 2012, Ottawa, Canada, June, 
2012. 

 

 [L23] S. Schwarz, M. Rupp Adaptive Channel Direction Quantization - Enabling Multi User MIMO 
Gains in Practice, in Proc. IEEE International Conference on Communications (ICC) 2012, Ottawa, 
Canada, June, 2012. 

 

 [L24] Q. Wang, M. Simko, M. Rupp Performance Analysis of LTE Downlink under Symbol Timing 
Offset, in Proc. Proceedings of the 16th International ITG Workshop on Smart Antennas 
(WSA2012), pages 41 - 45, Dresden, Deutschland, March, 2012. 

 

 [L25] M. Simko, Q. Wang, M. Rupp Optimal pilot symbol power allocation under time-variant 
channels, EURASIP Journal on Wireless Communications and Networking, 225, 2012. 

LTE 

http://publik.tuwien.ac.at/files/PubDat_208323.pdf
http://publik.tuwien.ac.at/files/PubDat_208323.pdf
http://publik.tuwien.ac.at/files/PubDat_208323.pdf
http://publik.tuwien.ac.at/files/PubDat_208323.pdf
http://publik.tuwien.ac.at/files/PubDat_208323.pdf
http://publik.tuwien.ac.at/files/PubDat_208323.pdf
http://publik.tuwien.ac.at/files/PubDat_208323.pdf
http://publik.tuwien.ac.at/files/PubDat_208323.pdf
http://publik.tuwien.ac.at/files/PubDat_208323.pdf
http://publik.tuwien.ac.at/files/PubDat_208323.pdf
http://publik.tuwien.ac.at/files/PubDat_208323.pdf
http://publik.tuwien.ac.at/files/PubDat_207109.pdf
http://publik.tuwien.ac.at/files/PubDat_207109.pdf
http://publik.tuwien.ac.at/files/PubDat_207109.pdf
http://publik.tuwien.ac.at/files/PubDat_207109.pdf
http://publik.tuwien.ac.at/files/PubDat_207109.pdf
http://publik.tuwien.ac.at/files/PubDat_207109.pdf
http://publik.tuwien.ac.at/files/PubDat_207109.pdf
http://publik.tuwien.ac.at/files/PubDat_207109.pdf
http://publik.tuwien.ac.at/files/PubDat_207109.pdf
http://publik.tuwien.ac.at/files/PubDat_207109.pdf


58 

OFDM Frame Structure 

 3 OFDM symbols preamble 

1. Synchronization 

2. Channel estimation 

3. Control information 

 Subcarrier distribution 

– 192 data subcarriers 

– 8 pilot subcarriers 

– 1 zero DC subcarrier 

– 55 guard band subcarriers 

–  ! 256 total 

synchronization 

channel estimation 

control information 

pilot data 


