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1. Introduction

In TR36.913 [1], it is stated that LTE-Advanced should support higher uplink peak throughput than LTE Rel-8. This requirement calls for an investigation of potential enhancements to the current single antenna transmission, such as extending the current air interface specification for supporting UL MIMO [2]. 

One of the challenges for supporting UL-MIMO, as compared to DL-MIMO, is the implementation of multiple transceivers, multiple PAs, and multi-antenna design, all in a small UE form factor. This contribution discusses UE antenna gain imbalance and its impact on UL multi-antenna schemes and the switching among them.
2. UE Transmit Antenna Gain Imbalance (AGI)
UL-MIMO design in LTE-A certainly can benefit from studies and knowledge gained during the development of DL-MIMO schemes. However, UE antenna gain imbalance (AGI), which affects receiver performance in DL-MIMO, now moves to the transmit side, which deserves some careful investigation on performance impact and the transmit strategy that could need to be adjusted to better deal with potential AGI.    
For the purpose of the discussion below, the term antenna gain imbalance refers to an imbalance in the long-term average antenna gains. AGI and antenna coupling are typically observed as part of the observable channel, and thus reflect the long-term behavior of the channel. However, we separate AGI from the actual propagation channel here for the purpose of better evaluating its performance impact. 

While transmit gain imbalances may also be present between eNB antennas in the DL, it is expected that UE AGI could occur much more frequently and be more severe due to a number of factors unique to the UE.  These include imbalanced propagation losses due to the grip of the hand and different antenna efficiencies inherent to different antenna designs when confined to a specific form factor.  For example, the form factor may constrain the choice of antenna orientations such that the antennas have different responses to the vertical and horizontal polarization components.  
3. Capacity/Performance Gains vs. Power Consumption Trade-off 

Conceptually, AGI will make some antennas less effective compared to others where “effectiveness” is defined as the capability of delivering additional spatial diversity either for diversity gain or spatial multiplexing gain.  Under AGI, even with the same total PA output power, the radiated power, and thus the received SNR, is reduced as seen from the data model below (2-Tx example), where AGI=α2 <=1 is the ratio of the second antenna gain to the first transmit antenna gain, and (p1/p2)2  (normalized to 2 without loss of generality) is the PA power distribution ratio between the two streams sent from the two antennas (e.g., p1=p2=1 for equal power distribution).  
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The elements of 
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are  zero-mean complex additive white Gaussian noise obtained by sampling a noise process with a power density of 
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A few terms are clarified here:

· Total PA output power is 
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, we have the total PA output power equal to 
[image: image6.wmf]2

T

E


· Total radiated power is 
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. With AGI, the radiated power is reduced by a factor of
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· Received SNR at each eNB receive antenna is 
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. For simplicity, we can assume
[image: image10.wmf]({})2

H

traceEHH

=

, i.e., each channel is normalized to have a mean power of 1.
The performance degradation can be seen from decreasing theoretical capacity that gets worse with increasing AGI. This is illustrated in Figure 1: where the mean capacity per subcarrier is plotted vs. 
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 for a 2x2 rank-2 open loop scheme employing an MMSE receiver for decomposing the MIMO channel into two SISO channels.  The capacity was averaged over realizations of a 3 km/h TU6 channel over 512 subcarriers in the frequency domain and over 20,000 subframes in the time domain. For each realization of the channel, the SINR at the outputs of an MMSE receiver, 
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, one for each stream, were calculated for subcarriers 
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We are looking at the per-subcarrier mean capacity here as an intuitive indication of performance bound. The actual BLER performance depends on SC-FDMA of course where UE will further perform IFFT of a set of post-MMSE estimated symbols, each with varying quality SINR(i). The resulting per-symbol quality will be a function of all SINR(i). Then the actual BLER performance will be a function of symbol qualities and code size and rate. In summary, the achievable spectral efficiency will not be “C’ as given above, but “C’ is rather a coarse and intuitive indicator of achievable spectral efficiency upper bound. 
Assuming equal transmit power distribution in each antenna (i.e., (p1/p2)2=1 or a fixed identity precoder), we can see from the figure that with increasing AGI of 0, 3, 6dB, the capacity decreases, which can be explained by the reduction of received SNR, i.e., 
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, even though the total PA power is unchanged. 

In the plot, the dashed curve represents the case where the second antenna is shut off (or a single PA with antenna switching capability), resulting in the capacity of a SIMO channel. Interestingly, such an intuitive transmit strategy gives better capacity than MIMO under the same total PA output power. In other words, for a fixed total transmit PA power and AGI, there will be a point where transmit power should be allocated to only the better antenna.  
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Figure 1: Mean capacity per subcarrier vs. received Es/No for three values of AGI.  
Indeed from the plot it can be seen that for a given AGI 
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, if the average received signal to noise ratio is above a threshold, then both antennas should be used, otherwise it should be allocated to only the most efficient antenna.  Furthermore this threshold increases with increasing AGI. In other words, for a fixed total PA output power, i.e. for a fixed point on the x​-axis, power should be allocated to two antennas only when the channel’s AGI is below a threshold value. This resembles somewhat to what occurs with water-filling in the parallel AWGN channel where the transmit power should be allocated to the best channels first.  

4. Per-antenna/stream MCS Control 

Previous results assumed equal power allocation between transmit antennas. It is worthwhile to investigate whether unequal power allocation will improve the performance if we keep the same total PA output power (thus the same power consumption). In Figure 2, the mean capacity per subcarrier described above is plotted versus (p1/p2)2 , the ratio of PA output power.  Values of 
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 > 1 therefore correspond to allocating more power to the transmission antenna with larger average channel gain. Note that due to AGI, the total radiated power 
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 changes according to different (p1/p2)2, even if total PA output power is unchanged. Typically there is a per-PA power limit which may make it impossible to achieve certain power ratio while at the same time keeping the total PA power unchanged. In the figure, we assume ET/N0=12dB is achievable for (p1/p2)2  points on the plot even with per-PA limit observed.
One can observe from the figure that for the case of ET/N0=12dB (one can derive the received SNR as 
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) and antenna gain imbalance of 6 dB, the optimum power allocation is approximately 
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 although the capacity is not particularly sensitive at that point.  At 
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, the total PA power will come from one antenna resulting in effectively single-antenna rank-one transmission.

In order to achieve the sum capacity under AGI for any power allocation ratio, it is important to define different MCS levels per stream. To illustrate this point, we plot also the mean capacity of each stream. For power allocation ratios between 
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 , the capacity of each of the streams differs by a factor of between 2 and 6.   It is clear therefore that when streams (coding layers) are mapped to antenna directly, it is necessary to use different MCS values on each stream to achieve maximum sum capacity. 

Per-stream MCS also makes it preferable to define a MCW-based UL-MIMO transmission strategy, similar to that in DL case. Also, different MCS levels will result in different power allocation 
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 ratio after UE applies power control. Therefore, optimal inter-stream power distribution can be essentially realized through per-antenna MCS control. 
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Figure 2: Mean capacities of each stream vs. power allocation between transmit antennas, 
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 (in dB).  A value of  
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 > 1 allocates more power to the antenna with larger gain.

5. Stream-to-Antenna Mapping
In Release 8 downlink, open-loop spatial multiplexing mode uses large-delay CDD to effectively permute modulation symbols between layers.    One may employ a similar technique in the uplink to minimize the uplink grant size as suggested in [3].  However, when UE antenna gain imbalance is present, the effectiveness of layer permutation needs to be reexamined.
In the 2x2 downlink configuration with uncorrelated antennas, both layers on average have the same average channel gain and therefore the even and odd code symbols will have the same average SINR out of an MMSE receiver.  With UE antenna gain imbalance and uplink transmission 2x2 however, layer permutation will result in increased variation in SINR across the symbols of a code block than in the downlink case.  Wider variations in coded symbol SINRs in turn typically translates to degraded decoding performance for both OFDM and SC-FDMA.  
Figure 3 and Figure 4 illustrates the increased post-processing SINR variations across subcarriers.  In these figures a snapshot of the channel was chosen in time (subframe 5000 out of 20000 subframes).  In Figure 3 the SINR at the output of the MMSE receiver is plotted vs. subcarrier index.  Without layer permutation, each stream is seen to have an SINR range of about 20 dB, while clearly stream-1 has better average quality that stream-1.  With layer permutation, however, it is expected that the across-symbol SINR variation will be the superposition of the two curves, as shown in Figure 4 where the SINR of the first layer is shown and the SINR range increase to between 25 and 30 dB.
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Figure 3: SINR of MMSE outputs vs. subcarrier index and fixed time.
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Figure 4: Stream-1 post-processing SINR at output of MMSE receiver with layer permutation.

6. Conclusion

In this contribution, we demonstrated that UE transmit antenna gain imbalance, as expected, will have a negative effect on UL-MIMO due to mainly reduced radiated power, and thus received power, even if the PA output power is unchanged. Therefore, the UL-MIMO transmission strategy needs to be re-examined in light of the PA power consumption and performance trade-off. We have also shown that, in rank-2 transmission, mapping streams directly (i.e., no layer permutation) to each antenna with per-antenna/stream MCS control is important to best achieve the capacity because of the increased disparity of decoding quality for each stream.
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