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1. Introduction

Different transmit diversity schemes have been proposed for the downlink control and data channels and the primary candidate approaches are space-frequency block codes (SFBC) and cyclic delay diversity (CDD) ‎[1].  With two-antenna transmission, evaluations of link-level performance show that the Alamouti-based SFBC performs better than both CDD and FSTD in noise-limited environments ‎[2]

 REF _Ref147476053 \r \h 
‎[3]

 REF _Ref147476055 \r \h 
‎[4].  Initial system level results also favor SFBC over CDD [6].  In interference limited environments, mixed results have been observed from SFBC having clear advantage under certain assumptions to CDD and showing a fraction of a dB gain in other situations.

There are, however, key differences between these two approaches when considering the use of transmit diversity for high and low rate channels.  The SCCH is a low rate channel that must protect the control information.  Low rate and repeat codes are considered for this purpose.  On the other hand, the data channel has the potential to transmit with high-rate codes in the higher SNR operating regions.

Our evaluations here consider both the high and low code rate operating regions.  For high code rates, there is a clear difference in performance between SFBC and CDD.  SFBC shows significant gains compared to CDD, regardless of antenna correlation.  Clearly for data transmission SFBC is the preferred transmission method, as losses of up to 5dB may occur when using CDD.  For low code rates, performance between the two approaches is more similar, with SFBC having a slight advantage over CDD in certain noise-limited propagation environments.

Other practical considerations are the ability to estimate various quantities (e.g. frequency error, channel estimates, impairment covariance estimates).  Performance when there is residual frequency error is also shown here and in ‎[7], and SFBC shows more robustness to frequency error than CDD.  Consequently, in choosing the transmit diversity approach, the robustness of the chosen approach should be of more concern than negligible differences in the evaluated performance.

2. Simulation Assumptions

We compare block error rate (BLER) performance under a number of different conditions.  Results are obtained using the same link simulation parameters described in ‎[2], and are summarized in Table 1 below. Common pilot patterns from [1] are used for channel estimation.  In all simulations, practical channel and noise covariance quantities are estimated.  

Note that the assumption of one receive antenna is motivated by the fact that even though two receive antennas are present at the UE, in many cases the UE has effectively only one antenna since one of the antennas may be strongly attenuated compared to the other and/or there may be significant correlation among the antennas. User position relative the UE and compact UE form factors all contribute to this impairment. 

For CDD we consider the use of CDD with and without a fixed pre-coding (CDD and CDDPC, respectively), the latter to mitigate the effects of antenna correlation at the eNodeB. CDDPC was proposed in e.g. ‎[8]

 REF _Ref162205459 \n \h 
‎[9]. Taking the example of 2 Tx antennas, CDD means the transmitted signal vector for subcarrier k is given by
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 is the information carrying symbol and 
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 denotes the CDD introduced phase shift from one subcarrier to the next (a.k.a delay parameter). In contrast, CDDPC is CDD plus a fixed unitary precoding matrix. The transmitted vector then becomes
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As seen, CDD/CDDPC implements a blind open-loop frequency varying beamformer.

	OFDM Parameters
	10 and 20 MHz (600 and 1200 sub-carriers + DC)

	Number of symbols/subframe
	7

	Antenna setup
	2x2 and 2x1

	Channel Model
	TU and Pedestrian A

	UE speed
	Speed = 3 km/h

	Multi-antenna receiver
	MRC receiver

	Channel estimation
	MMSE channel estimate

	Antenna pair correlation
	Uncorrelated and fixed correlation of 0.7 and 0.9


Table 1: Link level simulation parameters

3. Performance Results

BLER results are shown for a high code rate (rate 5/6 code) in Figure 1 for both uncorrelated fading and when the correlation between pairs of receive and transmit antennas is either 0.7 or 0.9.  Observing these figures, note that SFBC performs significantly better than CDD, even for uncorrelated channels.  This highlights that CDD relies on outer coding to exploit diversity gain created though the cyclic delay and this approach simply fails when the coding rate is high.  Consequently it should not be used for the data channel.

The performance for two low coding rate scenarios is shown in Figure 2 through Figure 7.  The first case is for Pedestrian A channel, a 20 MHz bandwidth and different antenna correlations.  A rate 1/3 convolutional code is used with symbol repetition to make a total rate 1/9 code, suitable for the control channel.  The delay used is half the FFT size. With no symbol repetition in uncorrelated channels we see that SFBC is slightly better than CDD, due to the same reasoning as for the data channel, but the difference is smaller.  As antenna correlation increases, the fixed pre-coding makes the CDD performance become more equal to the SFBC approach.  Also, using 3 symbol repetition makes the performance comparable between SFBC and pre-coded CDD.

The second scenario uses a 10 MHz bandwidth, TU channel and the CDD delay is 1/8 the FFT size.  Performance for this example shows that SFBC performs better than CDD for 1 or 3 symbol repetitions, 1 or 2 receive antennas and any of the tested antenna correlations.  

A third consideration is the performance of the two approaches when there is a residual frequency offset ranging from 0 Hz to 1000 Hz present.  The frequency error is assumed to arise from the same source, so a common frequency offset is present for all transmit antennas from the same base station.  However, only a fixed frequency offset, and no phase noise is modeled.  The residual frequency error is assumed to be present after compensating for any bulk frequency offset, and the residual frequency values considered are for reference (rather than something to be further cancelled).  

Over the range of frequencies considered, Figure 8 shows that SFBC has up to a 2 dB loss in SNR while CDD has up to a 3 dB loss compared to when no frequency offset exists.  The relative loss in SNR for CDD compared to SFBC, due to the residual frequency offset, is shown in Figure 9.  Observe from the figure that there is a loss of 0.25 dB when no residual frequency offset is present, and this rises to {0.35, 0.45, 0.65, 1.05} dB when the residual frequency error is {250, 500, 750, 1000} Hz, respectively.  Having a good frequency compensation scheme is clearly important for maintaining good CDD performance.

4. CDD and Puncturing Loss

As already mentioned, CDD can be viewed as frequency varying blind beamforming. This introduces artificial frequency-selectivity in the channel which outer coding can exploit for obtaining diversity. It is important to realize that without outer coding, CDD offers no transmit diversity at all, in contrast to SFBC which provides, in the case of 2Tx, the theoretical maximum diversity order of 2NR even without coding. This explains why CDD performs so badly for medium to high coding rates.

As seen from the simulation results, the problems with high coding rates are even more severe when the transmit antennas are correlated. To understand this consider the special case of a 2 x 1 system, 
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 and the idealization of perfect correlation, i.e., h1 = h2, where hl is the channel coefficient from Tx antenna l to the receive antenna. From the expression for the CDD transmit vector, it follows that the received signal y(k) is given by
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Clearly, the signal is completely silenced every other subcarrier. CDD thus punctures the code to half the coding rate. For medium code rates this incurs a coding gain as well as an energy loss. The energy loss is compensated for by the energy gain on the remaining subcarriers. However, the coding gain loss can be significant and for high coding rates it can even make the code non-decodable because of the high coding rate. In contrast, SFBC does not introduce any gain variation among the subcarrier, thus it does not suffer from the puncturing loss even for perfect correlation. It should therefore come as no surprise that CDD shows a 5 dB (c.f. Figure x) loss when the correlation and coding rate are moderately high. 

It should also be noted that as the number of Tx antennas increases, the puncturing problem will be even more severe. For 2 Tx, half the bits are removed by puncturing, for 3 Tx, 2/3 of the bits are punctured and for 4 Tx, 3 out of 4 bits are lost. This is fundamentally due to narrower lobe widths resulting from an increasing number of array elements. Thus, contrary to what has been claimed, CDD does not scale well with the array size.

CDDPC was in ‎[8]

 REF _Ref162205459 \n \h 
‎[9] proposed as a remedy for the puncturing loss problem. To investigate this, revisit the above example but use the CDDPC transmit vector expression instead to arrive at the received signal expression
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Evidently, subcarrier silencing, and thus the puncturing loss problem, is completely avoided. But this is not the whole story. If a fixed precoder removes the problem for correlated fading, then the problem must obviously have moved to another channel scenario. Let’s find out which by absorbing the fixed precoder into the effective channel
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We know silencing occurs if 
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). I can therefore be concluded that for CDDPC, the puncturing loss problem appears whenever one of the transmit antennas is significantly more attenuated than the other. CDDPC does thus not avoid puncturing loss. 

Another distinct disadvantage with any scheme that relies on a fixed precoder is that it limits the choice of unitary matrices that can be applied outside of the standard. Such a matrix needs to be constant over frequency as well as over time in order to be standard transparent. It may for example be useful for performing virtual antenna selection for precoding. When CDDPC is used, the fixed precoder may however be effectively canceled by the standard transparent matrix, resulting in normal transmission of conventional CDD. Careful choice of the standard transparent matrix may not be possible because of other constraints, necessitating the use of a certain matrix which leads to complete cancellation.

In our view, a transmission scheme that can suffer such serious losses as puncturing may incur is not an appropriate candidate for a transmit diversity scheme, which should exhibit robustness as one of the primary objectives.
5. Interference Rejection Capabilities of SFBC and CDD

It has been claimed that one of the advantages with CDD is its capability to support inter-cell interference cancellation. This section will show that this is not a feature that distinguishes CDD from SFBC.

CDD transmits a rank one signal , this means one interferer can be completely canceled if the UE is equipped with two receive antennas. SFBC also transmits a rank one signal since the average symbol rate is also in this case one symbol per subcarrier and OFDM symbol. Thus, two receive antennas are sufficient to just as for CDD completely cancel one SFBC interferer. To see this rank one property, consider 
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which is the received signal block corresponding to the two subcarriers the SFBC is transmitted on. The UE treats these two subcarriers jointly when decoding, giving the alternative data model
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Here, 
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is a 2NR x 2 effective channel matrix. The two columns make this matrix rank two. However, the number of effective receive antennas is effectively doubled so the net result is that a UE with two receive antennas can still completely cancel one SFBC interferer. Thus, SFBC and CDD has the same interference cancellation capabilities.

It has been further claimed that interference cancellation is very complex in the case of SFBC. At first sight, this may seem true considering that the data model in the previous expression indicates that a 2NR x 2 NR matrix inverse has to be computed instead of the NR x NR matrix inverse need for CDD. This argument however completely ignores the fact that the interference is now structured which can be used to substantially reduce the complexity of interference cancellation in case of SFBC. Thus, interference cancellation for SFBC is completely feasible with a complexity on the same order as CDD.

Interference suppression should therefore not be viewed as an advantage of CDD and we believe that comparisons where CDD is allowed to use interference suppression techniques while SFBC is not are inherently unfair.
Summary and Conclusions

The difference in performance between the transmit diversity schemes that use SFBC and CDD have been considered.  The use of high and low coding rates is attributed to the data and control channels, respectively. For high-rate codes, SFBC shows significant performance advantages over CDD, and this approach is therefore clearly preferred for the transmit diversity mode for the data channels.  We also conclude that

· CDD suffers from serious performance losses due to puncturing when fading is correlated and coding rate is medium to high.

· CDD puncturing problem becomes more severe as the number of Tx antennas increase.

· Precoded CDD (CDDPC) provides no solution as it only moves the puncturing problem to another channel scenario.

For low-rate codes, the intended operating environment is the low SINR region, and here robustness of the approach is critical to good performance. While the performance has been shown to be similar in many contributions, SFBC appears to be more robust even for these low coding rates. 

The interference suppression capabilities of CDD and SFBC where also compared and concluded that

· Both CDD and SFBC transmit rank one signals (on average on symbol per subcarrier and OFDM symbol) and hence has similar interference suppression potential

· Complexity of SFBC decoding with interference cancellation is on the same order as for CDD

Robust performance over a wide range of scenarios is obviously key to a transmit diversity scheme. For the data channels this means that the transmit diversity mode should be such that it does not unnecessarily triggers switching over to the spatial multiplexing mode. Yet, it should offer high data rates when the channel conditions are good.  It should also be remembered that the transmit diversity mode is not only useful in high mobility scenarios – it is beneficial whenever the channel knowledge at the eNodeB is limited or impaired. This includes CQI impairments due to the typical case of bursty inter-cell interference. Consequently, an efficient and robust transmit diversity mode for the data channels is deemed important. Because of this and the serious performance issues CDD exhibits in certain scenarios, whereas SFBC consistently offers similar or substantially better performance, SFBC is clearly the preferable choice for the transmit diversity mode for the data channels in the LTE downlink. 

In order to simplify the system, it is preferable to have the same transmit diversity scheme for the control channels and BCH. We therefore also for this reason, prefer SFBC for these channels.
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a) Uncorrelated fading
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b) Correlation = 0.7
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c) Correlation = 0.9

Figure 1: Code rate 5/6, Pedestrian A channel, 20 MHz bandwidth, one receive antenna
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a) One receive antenna
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b) Two receive antennas

Figure 2: CDD  vs. SFBC for two transmit antennas, delay = FFT size/2, uncorrelated, rate 1/3 convolutional code, 20 MHz bandwidth, Pedestrian A channel
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a) One receive antenna
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b) Two receive antenna

Figure 3: CDD  vs. SFBC for two transmit antennas, delay = FFT size/2, correlation = 0.7, rate 1/3 convolutional code, 20 MHz bandwidth, Pedestrian A channel
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a) One receive antenna
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b) Two receive antennas

Figure 4: CDD vs. SFBC for two transmit antennas, delay = FFT size/2, correlation = 0.9, rate 1/3 convolutional code, 20 MHz bandwidth, Pedestrian A channel
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a) One receive antenna
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b) Two receive antennas

Figure 5: CDD  vs. SFBC for two transmit antennas, delay = FFT size/8, correlation = 0.0, rate 1/3 convolutional code, 10 MHz bandwidth, TU channel

[image: image27.png]BLER

—%— SFBC, SRF =1
——6—CDD,SRF=1 |
—&— CDDPC, SRF = 1|
—E—SFBC, SRF =3
—%— CDD, SRF =3

—©— CDDPC, SRF = 3|.





a) One receive antenna
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b) Two receive antennas

Figure 6: CDD vs. SFBC for two transmit antennas, delay = FFT size/8, correlation = 0.7, rate 1/3 convolutional code, 10 MHz bandwidth, TU channel
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a) One receive antenna
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b) Two receive antennas

Figure 7: CDD vs. SFBC for two transmit antennas, delay = FFT size/8, correlation = 0.9, rate 1/3 convolutional code, 10 MHz bandwidth, TU channel
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a) SFBC Transmit Diversity
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b) Cyclic Delay Diversity

Figure 8: Performance of SFBC and CDD when frequency error is present
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Figure 9: SNR loss of CDD over SFBC vs. frequency offset
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