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• Background and Motivation 
 

• Massive MIMO Uplink with One-Bit ADCs 
 Model 
 Channel estimation 
 Bussgang decomposition 
 Optimized training 
 Achievable rate analysis 
 Energy efficiency 
 How many more antennas are needed? 
 

• Massive MIMO Downlink with One-Bit DACs 
 Model 
 ML Encoding 
 Bussgang analysis 
 Quantized precoders 

 

• Conclusions 
 



The Road to Gigabit Wireless 
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mmWave Ma$$ive MIMO 
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Hybrid Analog-Digital Beamforming 
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*graphic courtesy of Robert Heath 



Alternative: Low-Resolution (1-bit) ADC 
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Signal Processing Issues for One-Bit Quantization 

      
          



Single Antenna Analysis – Mezghani & Nossek 
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Optimal Signal Input Distribution (Mezghani etal) 

      
          



Channel Estimation with One-Bit ADC 

      
          



The CRB: Do We Really Want an Unbiased Estimator? 

      
          



The Bussgang Theorem 

      
          



      
          

Bussgang Theorem: Implications for Channel Estimation 



Bussgang Channel Estimator 

      
          



Bussgang Channel Estimator Performance 

      
          



Channel Estimation Simulation Results 

      
          



Channel Estimation Simulation Results (cont.) 

      
          



Example: Optimum Training Interval 

      
          



Analysis of Achievable Rate 

      
          



Example: Sum Spectral Efficiency 

      
          



How Many More Antennas Are Needed with One-Bit ADCs? 

      
          



Example: Joint Optimization of # of Users and Training Interval 

      
          



Massive MIMO Downlink 
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A “Natural” Approach: ML Encoding 

      
          



Quantized Linear Precoding 

      
          



Sum Downlink Rate for Estimated MRT Precoder 



Comparison with Unquantized Case 



Special Case: Quantized ZF Precoder 

      
          



Noiseless Case, Impact of Quantization Errors Only 



Quantized ZF Precoder Performance with Noise 



Comparison with ML Encoding 



Why Does Quantized ZF Precoding Perform So Well? 



Perturbed Quantized ZF Precoding 



Perturbed Quantized ZF Precoding 



Example: Performance of Perturbed Quantized ZF Precoder 



Conclusions 

      
          

• Significant advantages in energy and cost for one-bit ADCs & DACs 
 in massive MIMO systems 

 

• Low SNR loss is tolerable, high SNR loss unavoidable but not  
 necessarily critical  

 

• Bussgang decomposition provides framework for tractable one-bit 
 algorithm designs and system performance analyses 

 Channel estimation 
 Optimized training 
 Achievable rates 
 Energy efficiency 
 Number of antennas 

 

• For the downlink, simply quantizing standard linear precoders provides 
 reasonable performance, without enormous ML encoding cost. 
 But there are gains for perturbation precoding! 
 

• We’ve just scratched the surface, there are many interesting open  
 problems that remain …  
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