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Introduction
[bookmark: _GoBack]The SNR and noise-figure (NF) of a mm-wave front-end is a key contributor to the overall sensitivity of the receiver. In this paper, we show that the SNR of a phased-array increases linearly with the number of antennas. However, the NF of the overall phased-array stays the same. Hence, the Friis equation can be used to analyze a phased-antenna array.
Discussion
Consider a phased-array antenna system as shown in Fig. 1. In this example, we see two RX signal paths feeding into the single combiner. Mathematically, the ideal combiner performs a summing operation on the two signals on the branches, say s1 (t) and s2 (t), each of which contains a statistical signal and noise component.
Assume for simplicity that the antenna, LNA and feed paths are identical – i.e., the signals are identically distributed. Let S be the variance of the data signal on each branch and let N be the noise variance on each branch. If the phase shifters have been adjusted so that the data signals are coherent, then, it is easy to see that, at the output of the ideal combiner, 	
,     and
 
Hence, the SNR at combiner output is 
 .
Meanwhile, the SNR at a single branch is  


 Hence, the SNR has doubled at the output of the combiner.

						
Figure 1: Typical RF configuration


The noise figure (NF) is a figure-of-merit that quantifies the noise injected by a device. It can be defined as 
			  ,			  ,
assuming the signal powers are measured with impedance-matched sources and loads. To extend this definition to a chain of devices, consider a typical RF front-end as shown in Fig. 1. For simplicity, let us assume that the stages are impedance matched. The Friis equation can be used to compute the noise figure of an RF chain as follows:
 ,
where F1, A1 refers to the noise-figure and gains of stage 1, F2, A2 refer to the parameters for stage 2, and so on. Notice that for a passive block that is inherently lossy – e.g., interconnects, feeds, and switches -- the loss of the block is effectively its noise figure.

Now, it can be shown (cf. [1]) that the NF  of the overall array stays the same even though the SNR has been increased. 
When viewed as a system, the input signal-power at the phased –antenna array, i.e,, by  summing input powers at the two antennas  is 2 S .
Hence 
 .
We also previously showed that 
							

Hence, the NF of the overall system stays the same, even though the SNR has increased. Thus, the Friis equation can also be used for phased-array systems.
Conclusion
In this paper, we have shown that the Friis equation can be used for phased-array analysis. The SNR increases with the number of antennas, but the  NF of the phased-array is the same as the NF of a single-path in the array.
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