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1. Introduction

The rapid globalisation of the smart phone market together with re-farming of the GSM frequency bands is putting pressure on legacy EDGE networks to improve throughput and spectrum efficiency. Smart phone users are invaluable to operators because of their high contribution to the ARPU. Any churn due to incomplete ”smart phone coverage” on legacy EDGE networks should therefore be avoided.

To meet the demands on throughput and spectrum efficiency, MIMO for EGPRS provides an interesting prospect because it neither puts too high requirements on LTE enabled smart devices nor on legacy EDGE networks. All LTE enabled smart devices come with two receive antennas [1], which is a valuable radio asset that should not be left unutilised by EDGE. Similarly, legacy EDGE networks are often configured with two transmit antennas to support air combining or transmit diversity.
While Downlink Dual Carrier (DLDC) can offer twice the throughput performance for a user in a legacy EDGE network, this is at the expense of no or limited spectral efficiency gain. EGPRS2 and SPEED also offer throughput performance gains but these features may require changes to legacy EDGE BTS HW.

A rapid time to standardization is envisaged because MIMO may benefit from a number of synergies with existing features such as:

· Orthogonal training sequences introduced in Rel-9 for VAMOS;
· RLC/MAC capabilities extended in Rel-7 to support up to 16 PDCH assignments over two carriers for DLDC, and;
· Test methods and performance requirements introduced in Rel-7 to support MS receive diversity.

Nokia Siemens Networks therefore would like to bring the benefits of MIMO to the GERAN, starting with EGPRS.
In this contribution, we provide an overview of a basic MIMO system (Section 2) followed by the impacts to the GERAN physical layer, RLC/MAC and core network (Section 3). The proposed spatial channel model for evaluating MIMO performance is next described (Section 4). Then the assumed BTS and MS RF and receiver models (Sections 5 and 6) followed by the impacts to the MS and Network implementation (Sections 7 and 8). The performance evaluation assumptions and results are then given (Section 9) and finally conclusions (Section 10).
This contribution is a revision of [2] from GERAN #54.
2. Overview of 2x2 MIMO System
In a Multiple-Input-Multiple-Output (MIMO) system with spatial multiplexing, multiple antennas are employed both at the transmitter and receiver, for the purpose of transporting multiple data streams on the same carrier frequency across as many spatial paths as possible (that may be partly correlated).

The main benefit of a MIMO system is increased spectral efficiency. While in theory a 2x2 MIMO system (depicted in Figure 1) can offer twice the spectral efficiency of a conventional Single-Input-Single-Output (SISO) system, in practice it will be less than this due to the spatial correlation between the transmit or receive antennas. MIMO offers optimum performance by adapting to the channel’s spatial correlation.
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2.1 Spatial multiplexing mode

When the spatial correlation between the propagation paths is sufficiently low, it should be possible for a receiver to estimate the propagation paths (a minimum SINR might be needed to estimate the propagation paths with sufficient accuracy) and to jointly or iteratively detect each of the two streams. When the above conditions are met, the throughput can be maximised by transmitting independent data streams from both transmitters. Henceforth this is referred to as spatial multiplexing mode.                                           
2.2 Diversity mode 
When the spatial correlation between the propagation paths is insufficient to support spatial multiplexing, it should be possible for the receiver to benefit from receive diversity (Figure 2) and/or transmit diversity (Figure 3). Henceforth this is referred to as diversity mode. A popular transmit diversity scheme is Delay Diversity, whereby the second transmit path is delayed relative to the first to create an artificial propagation path that can be exploited by a conventional equalizer. Another well known transmit diversity technique is the use of space-time block codes (especially Alamouti codes) to maximise the de-correlation between the signals prior to transmission. One possible disadvantage of space-time block codes compared to Delay Diversity is a lower SAIC system gain with GMSK modulation.
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3. Concepts

3.1 Training sequences
When estimating the channel taps of the four spatial propagation channels (depicted in Figure 1), it would be advantageous if the training sequences assumed orthogonal properties.

Already, orthogonal training sequences were introduced in Rel-9 for VAMOS. These training sequences, referred to as TSC Set 2, were optimised to give low cross-correlation when used pair-wise with the legacy training sequence set, which has been referred to as TSC Set 1 (Table 5.2.3a and Table 5.2.3b in[3]).

While both TSC Set 1 and TSC Set 2 are binary, TSC Set 1 has been modified for use with 8-PSK modulation by mapping each binary value to each of the constellation points on the in-phase axis (see Normal burst for 8PSK in [3] Section 5.2.3).

Hence, a straight-forward procedure to obtain an orthogonal set for 8‑PSK modulation is to apply the same antipodal mapping for TSC Set 2.
3.2 RLC/MAC and core network protocols
3.2.1 Introduction

The procedures and signalling to:

· notify the network about a MIMO capable MS’s multi-slot capability 

· assign resources to a MIMO capable MS
· report the ack/nack bitmap 
· report channel quality measurements e.g. for link adaptation
can largely be derived from the procedures and signalling introduced for DLDC (e.g. often by substituting the word ‘carrier’ with ‘stream’).
3.2.2 Multi-slot class

In DLDC, the signalled multi-slot class for single carrier operation has been utilised to derive an “equivalent multi-slot class” with the assumption that the second receive carrier doubles the number of receive timeslots and fast frequency synthesizers can be assumed from Release 7 onwards resulting in a shorter monitoring time. The Multi-slot Capability Reduction for Downlink Dual Carrier field further informs the network of a reduced equivalent multi-slot class in case of MS implementations with reduced baseband or RF capabilities (see [3] Clause B.4).

The main difference in the context of MIMO is a diversity receiver which is controlled by the same VCO as the main receiver does not have the flexibility to perform monitoring tasks and data reception simultaneously.
If it can be assumed that the power consumption is scalable according to the number of timeslots received, then a further potential benefit of a Multi-slot Capability Reduction indicator is that it may facilitate implementations that have reduced power consumption capabilities.
3.2.3 TBF establishment

The procedures for TBF establishment and release should be remarkably similar and could be derived from the procedures for DLDC with the main difference being that MIMO requires only a single set of frequency parameters for both spatial streams.
Only single-user MIMO is assumed where the multiplexing of users on both spatial streams is not allowed. This offers a further simplification might be possible whereby only a single timeslot (PDCH) assignment is defined that is applicable to both spatial streams.
3.2.4 Multiplexing of legacy MSs (USF, PAN)
The multiplexing of a MIMO mobile on the same timeslot as a legacy mobile could be achieved with the temporary transmission of a single stream, where both the MIMO mobile (to which the RLC data is addressed) and the legacy mobile (that needs to decode the USF or PAN field) will benefit from the TX diversity and where the MIMO mobile will benefit also from the RX diversity – possibly enabling the use of a higher MCS. 
3.2.5 Link quality measurement reporting and MCS link adaptation
It is likely MIMO performance would benefit from independent MCS link adaptation on both spatial streams, except when different modulation schemes are selected for both spatial streams due to the impact to training sequence orthogonality. Hence is it proposed to restrict the modulation selection so that different modulations are not used simultaneously on both spatial streams.
In DLDC, a second EGPRS Channel Quality Report was incorporated into the EGPRS Packet Downlink Ack/Nack message so that link quality measurements for both carriers can be reported in the same message (see [4] Clause 11.2.6a). 

DLDC also introduced a reporting procedure for when there is insufficient space in the EGPRS Packet Downlink Ack/Nack message for two reports whereby only the channel quality report pertaining to the carrier on which the poll was received shall be sent.
A similar link quality reporting scheme as DLDC is also foreseen for MIMO.

3.2.6 Rank adaptation

The rank of a matrix is defined as the maximum number of linearly independent columns or rows in the matrix. If the matrix corresponds to the path coefficients from a MIMO channel, then the rank of the matrix provides a convenient means to describe a channel’s spatial correlation.

For example, in the 2x2 matrix corresponding of the path coefficients in Figure 1 where each row corresponds to the paths originating from a transmit antenna and each column corresponds to the paths arriving at a receive antenna, if the rows and columns are independent (i.e. uncorrelated) then the matrix rank is said to be full-rank and the spatial channel capacity increases two-fold.
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If any of the rows or columns are dependent (i.e. correlated), then the matrix rank is said to be rank deficient but there may still be a diversity gain.

A deficient rank might occur when there is insufficient de-correlation between the received signals e.g. due to LOS component resulting in a strong dominant signal in both receive antennas, or due to insufficient de-correlation between either the Tx or Rx antennas.
In LTE, rank adaptation (i.e. adaptation between spatial multiplexing mode and diversity mode) is performed by the network with the help of an estimate of the channel rank obtained by the UE and reported to the network in the form of a rank indicator.

In MIMO for EGPRS where the antenna configuration is 2x2, only two matrix ranks are relevant: full-rank and rank deficient. Hence only a single bit is sufficient to report the channel rank, preferably signalled in the EGPRS Packet Downlink Ack/Nack message.

4. Spatial Channel model
To obtain a realistic evaluation of the performance of MIMO for EGPRS, the channel model will need to consider the correlation between the propagation channels (e.g. due to the spatial proximity of the antennas or due to the orientation of the polarization of the antennas).

4.1 MSRD antenna correlation model 

In [5] Annex N, a Single-Input-Multiple-Output (SIMO) model has been defined (depicted in Figure 4) which is based on a magnitude of complex correlation parameter ρ and an antenna gain imbalance G. To use the model in the performance evaluation, the model would need to be extended to a MIMO system comprising independent paths for a second transmit antenna and with realistic spatial correlation values for the transmit antennas and the receive antennas (two values of ρ are given in the MSRD performance requirements, but these only loosely correspond to best and worse case values).
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Figure 4. Single-Input-Multiple-Output channel model for MS Receiver Diversity.
4.2 SCM with complex path correlations
Spatial Channel Models were first introduced to 3GPP RAN4 based on work in the WINNER project for systems beyond 3G, for a bandwidth up to 20MHz. The spatial channel model for use in system-level simulations is described in 3GPP TR 25.996 (section 5) [10] for generic antenna configurations in the Node-B and UE. For performing link simulations, the model requires a significant amount of simulation time. Therefore, taking into consideration specific antenna configurations for the Node-B and UE, relevant aspects of the channel properties and reasonable simulation assumptions, simplified models have been defined for the four scenarios depicted in Table 1[6].

Table 1. Representative cases of the Spatial Channel Model ([6])

	Name
	Propagation scenario
	BS arrangement
	MS arrangement

	SCM-A
	Suburban Macro
	3-sector, 0.5λ spacing
	Handset, talk position

	SCM-B
	Urban Macro (low spread)
	6-sector, 0.5λ spacing
	Handset, data position

	SCM-C
	Urban Macro (high spread)
	3-sector, 4λ spacing
	Laptop

	SCM-D
	Urban Micro
	6-sector, 4λl spacing
	Laptop


The simplified model consists of two components: 1) a tapped delay line propagation model which is similar to the GSM models in 3GPP TS 45.005 Appendix C.3 [5] and 2) covariance matrices for describing the correlation between the propagation paths . These covariance matrices assume antenna configurations consisting of two spatially separated +45/-45 degree slant cross-polarized antennas in the Node-B and one (in case of handset) or two spatially separated (in case of laptop) double-polarized antennas (V and H). For each tap a distinct covariance matrix is defined.
The per-tap covariance matrix Rtap is obtained from the Kronecker product of the polarization covariance matrix Г and the Node B and UE spatial correlation matrices A and B, further weighted by the antenna gains at Node B and UE: 
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where ptap is the relative power of the tap, 
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The values of α, β, Г and ptap can be found for all the four scenarios in the tables A.1.3-2 to A.1.3.-5 of TR 25.814. 
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are assumed to be unity.
The antenna polarization correlation matrix Г is organised as [NodeB+45UEvert, NodeB-45UEvert, NodeB+45UEhor, NodeB-45UEhor]. Here the notation NodeB+45UEvert refers to “from +45° slant element at NodeB to vertically polarized element of UE”.
4.3 SCM modification for 2x2 MIMO for EGPRS
For the performance evaluation of the downlink MIMO concept with 2 transmit antennas and 2 receive antennas for EGPRS, this document shows a further simplification of these models together with a method of applying this in link simulations.

The covariance matrixes above have been defined for antenna configurations 4x2 (SCM-A and B) and 4x4 (SCM-C and D). However, our interest in only configuration 2x2. Hence we have assumed one +45/-45 degree slant cross-polarized antenna at the BTS and one double-polarized antenna (V and H) at the MS. With this assumption we can ignore both A and B and use only polarization covariance matrix Г for computing the per-tap covariance matrix for our 2x2 MIMO simulation. We have also assumed unity antenna gains at transmitting and receiving antennas.
In tables A.1.3-2 to A.1.3.-5 of TR 25.814, the delay values and power of taps for each profile are given in six clusters, with 3 taps in each cluster. The 3 taps in each cluster are each 12.5 nanoseconds apart. Also the relative powers of taps within the cluster is same in all clusters. This fine resolution is applicable only to wideband carriers, hence for narrowband GSM, we can simply take a single value from each cluster without loss of precision. In our simulation, we have taken the first value from each cluster. So, we have six delay values and six corresponding tap powers in each SCM profile for our GSM simulation.

Further details about the realization of the modified SCM can be found in the Annex.

In addition to running simulations for SCM-A to SCM-D, we include an approximation of the GSM typical urban scenario (TUx 6 taps in 45.005 Appendix C.3.3 [5]) by using the correlation matrix of SCM-C.

Since the original SCM profiles were derived for the 2.1GHz band and above, the performance of the model at 900MHz is FFS.
For the simulations with interference, we assume interference is received by both antennas with a correlation factor ρ = 0.7 as defined in Table N.2-1 in Appendix N.2 of TS 45.005 [5]. No antenna gain imbalance is assumed.
4.4 SCM modification for MSRD
In case of MSRD simulation (see section 4.1), there are only two paths. So the 4x4 correlation matrix Г is unsuitable. Since the Г matrix is organised as [NodeB+45UEvert, NodeB-45UEvert, NodeB+45UEhor, NodeB-45UEhor], we can take the 1st and 3rd element of the 1st and 3rd row of each 4x4 matrix to form the 2x2 correlation matrix. We apply the correlation in the same way as the 4x4 case but for L =2 (see Annex).
5. BTS transmitter model
	Impairment
	Legacy single carrier BTS (per TRX)

	Phase noise [degrees (RMS)]
	1.2

	 I/Q gain imbalance [dB]
	0.1

	 I/Q phase imbalance [degrees]
	0.1

	 DC offset [dB]
	-45

	Frequency error [Hz]
	15 (900 MHz) 
30 (1800 MHz)

	Tx path time misalignment [symbols]
	0.25 symbol


6. MS receiver model
6.1 Impairments

Impairments in a Rx diversity capable device on each Rx path is FFS (values in square brackets have been taken from 3GPP TR 45.860).

	Impairment
	Rx diversity capable device (per Rx path)

	Phase noise [degrees (RMS)]
	[1.2]

	 I/Q gain imbalance [dB]
	[0.2]

	 I/Q phase imbalance [degrees]
	[2.0]

	 DC offset [dB]
	[-40]

	Frequency error [Hz]
	[25] (900 MHz) 
[50] (1800 MHz)

	Rx path time misalignment [symbols]
	[negligible]


6.2 MIMO receiver

The assumed MIMO receiver is the Single Carrier Frequency Domain Decision Feedback Equaliser (also known as SC-FDDFE) depicted in Figure 5 with Frequency Domain Pre-filter and Time Domain equaliser [7]. 

[image: image15.emf]
Figure 5. Single Carrier Frequency Domain Decision Feedback Equaliser (SC-FDDFE) Receiver.
The “Detect” unit can either be a “Reduced States Trellis” or a “Slicer” depending on complexity requirements. The initial assumption is to use a forward recursion max-log-MAP that has 4 states per input branch, thus 16 states in total [8]. The channel impulse response which is required to estimate Frequency Domain feed forward taps (Wl) and Time Domain feedback taps (fk) can be estimated by using a Joint LS-estimator [9]. The input samples of the FFT unit can be transformed by a noise de-correlation matrix for interference cancellation, based on the noise residual matrix estimated at the input of the FFT. The complexity of noise de-correlation (i.e. interference cancellation) is similar to (or simpler than) a standard SAIC receiver. 

Frequency Domain processing is not a requirement for a MIMO receiver but is can be computationally simpler than Time Domain processing [7]. FFT and IFFT lengths could be chosen in synergy with requirements of an LTE receiver.
6.3 MSRD receiver reference
The assumed MSRD receiver is a computationally efficient fractionally spaced FIR MMSE-DFE noise whitening receiver [12], where the noise whitening operation operates both within temporal and spatial domains. 
7. Network impact

The main requirement for the network is a BTS with 2 transmit antennas and: 
· a TRX unit for the 2nd spatial stream in older single carrier BTS or,

· two transmit paths in a multi-carrier BTS. 

BTS configurations with two transmit antennas include:

· configurations that employ air combining for 2 or more transceivers or,
· transmit diversity schemes (including antenna hopping and delay diversity)

The TRX capacity to support the second spatial stream will already be available in case of delay diversity.
TRX capacity might be freed with VAMOS which can multiplex two users onto one resource.
8. MS impact
LTE enabled multi-mode terminals and modem chips commonly support two antennas and receiver paths, because at least two RX antennas are required in the LTE device [1].  An exemplary L1 architecture of a handset is depicted in Figure 6, where the RX chains for LTE have been doubled. The second RX chain can then be made available for EDGE, especially in the common frequency bands.  The main elements are:

· A pair of receive antennas, already optimized for LTE MIMO from correlation point of view.

· Front end consists of filters and RF switches for filter selection, but may be partly integrated into transceiver part.

· Transceiver part performs down and up-conversions as well as digital interfacing towards baseband and is capable for two RX branches.
· Power amplifier.
MIMO optimised receivers may not necessarily support EDGE DLDC if both RX chains share the same VCO.  Some chips may support also TD-SCDMA or CDMA with the same architecture. 


[image: image16]
Figure 6. Block diagram for L1 of a multi-mode MS. Note that the baseband processing operations might be partitioned between LTE, HSPA and GSM/EDGE to optimise power consumption.
9. Performance evaluation
9.1 Simulation assumptions

The performance evaluation consisted of MIMO simulations in spatial multiplexing mode using the receiver model in 6.2 and the spatial channel model in 4.3 and MIMO simulations in diversity mode (using transmit delay diversity) using the receiver model in 6.3 and the spatial channel model in 4.3.
MSRD performance is included as a reference by using the receiver model in 6.3 and the spatial channel model which has been adapted for 1x2 operation in 4.4.

MIMO and Transmit diversity performance is evaluated with equal total transmit power as single antenna performance. More details about the simulations assumptions can be found in Table 2.
Table 2. Simulation assumptions.

	Parameter
	Value

	Frequency bands
	1800*

	Propagation conditions
	Suburban Macro, Urban Macro (low spread), Urban Macro (high spread), Urban Micro, TU**

	Mobile speed
	3 km/hr

	Frequency hopping
	Ideal

	BTS RF impairments
	See Section 5

	Back-off 
(single transmit antenna)
	0 dB for GMSK
2 dB for 8-PSK

	Back-off 
(two transmit antennas)
	3 dB for GMSK
5 dB for 8-PSK

	MS RF impairments
	See Section 6.1

	MIMO receiver 
(spatial multiplexing mode)
	See Section 6.2

	MIMO receiver 
(diversity mode)
	See Section 6.3

	MSRD receiver
	See Section 6.3

	MCSs
	GMSK (MCS-1…MCS-4)

8-PSK (MSC-5…MCS-9)

	Blind modulation detection
	Ideal

	Blind MIMO mode detection
	Ideal

	MCS link adaptation
	Ideal

	Rank adaptation
	Ideal

	Training sequence codes
	See Section 3.1

	Interference
	See Section 4.3

	* SCM operation at 900MHz is FFS, see Section 4.3
**correlation matrix taken from SCM-C, see Section 4.2.


9.2 Simulation results

Figure 7(a) to Figure 7(e) compares the sensitivity performance of the spatial multiplexing mode and diversity mode against an MSRD reference receiver for the different SCM scenarios (SCM-A to SCM-D) and for the TU propagation profile. Ideal MCS link adaptation is assumed. Figure 7(f) to Figure 7(j) provide the same comparison but for co-channel interference.

It is shown that the diversity mode performance is almost identical to the MSRD reference despite the additional Tx diversity. In these simulations Tx diversity was applied without delay between the diversity branches. This mode is clearly FFS.

It is also shown that the diversity mode and MSRD reference receivers are better at interference cancellation than the spatial multiplexing mode receiver. We believe further optimsations are possible with the spatial multiplexing mode receiver for these conditions. 

Figure 8 compares the sensitivity performance of the different SCM scenarios (SCM-A to SCM-D) and the TU propagation profile. Ideal mode adaptation is assumed. Figure 9 provides the same comparison but for co-channel interference.

While ideal mode adaptation is depicted as function of interference or noise, this is for a given channel correlation. Hence the depicted performance can not be considered as ideal. In practice, we would expect the mode adaptation algorithm would adapt to the changes to the spatial channel correlation (i.e. to the rank of the spatial channel). To investigate the mode adaptation further, it would therefore be desirable if the spatial channel correlation in the SCM could be artificially controlled.
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Figure 7. MIMO and MSRD Throughput in different SCM Profiles
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Figure 8. MIMO Ideal RLC Throughput in different SCM Profiles (Sensitivity)
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Figure 9. MIMO Ideal RLC Throughput in different SCM Profiles (CCI)
10. Conclusion
In this contribution, an investigation into the feasibility of MIMO for EGPRS is described, that considers the HW impact to legacy EDGE networks, the impacts to smart devices supporting LTE and some of the standardization impacts.
The investigation has found that performance benefits of MIMO are possible in existing EDGE network deployments without any HW changes. In terminals supporting LTE, it is believed that MIMO will not increase the bill of materials considerably.

A performance evaluation using a well known spatial channel model that has been adapted for GSM/EDGE showed that MIMO can double EGPRS throughput in good channel conditions while a diversity mode can provide optimum performance with a single stream in poor channel conditions.

The results indicate that MIMO for EGPRS is in principle feasible but would be suited to a study item with a narrow scope in order to allow for investigations into diversity mode performance optimization and mode adaptation. Additional areas of study are also been discussed in [13].
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Annex
The Spatial Channel Models used in our GSM simulation were realised as follows.

First we generate independent Rayleigh fading waveforms as a sum-of-sinusoids representing scatterers emanating from transmitting antenna arriving with random but uniformly distributed phase at the receiving antenna. We use a modified Jakes model [11] to achieve independence between different paths from transmitting to receiving antennas. The sum of sinusoid is defined in the equation below.
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Here, 

t = sample time, i.e., from 0 to number of samples in the burst-1 multiplied by sample duration

L = number of paths between transmitting and receiving antenna (e.g. 4 in case of 2x2 MIMO)
K = number of channel taps in each path (6 in our case)
N0 = Number of scatterers for each tap in each path (used 200 in our simulation)
wM = maximum Doppler frequency=2(v/(
v= speed of MS, (=wavelength
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 are 2LKN0 independent random phases, each of which is uniformly distributed in [0,2(]
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 is random initial arrival angle which satisfies following condition

[image: image40.png]



Once the independent Rayleigh faded waveforms are generated as above, these are then correlated with the square-root of the polarization covariance matrix Г to achieve the desired correlation between the paths. These waveforms are then weighted according to the tap power for each tap and convolved with the transmitted signal. Finally, appropriate scaling factors are applied to faded signals to achieve unity power over a long periods of time.

Figure � SEQ Figure \* ARABIC �3�. Transmit diversity gain when the Rx antenna correlation is high.





Figure � SEQ Figure \* ARABIC �2�. Receive diversity gain when the Tx antenna correlation is high.
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Figure � SEQ Figure \* ARABIC �1�. A downlink 2x2 MIMO system, depicting four spatial propagation channels.
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