
6.3 Advanced Antenna Systems and Spectrum Considerations
Advanced antenna systems have become commonplace in today’s wireless networks, even indoor WiFi Access Points (APs) are often equipped with multiple antennas. These advanced antenna systems can be grouped into two generic categories designated as Multiple Input Multiple Output (MIMO) and Beamforming (aka Phased Arrays). Each of these generic categories has different attributes that translate to improved range and coverage, improved channel capacity, higher availability, or a combination of the three. 

6.3.1 Multiple Input Multiple Output (MIMO) Antennas
[image: image1]MIMO systems are described as illustrated in Figure 43, where transmit antennas are designated as inputs to the over-the-air channel and receive antennas are receptors of multiple input paths. A base station equipped with “NT” transmit (Tx) antennas and “NR”  receive (Rx) antennas would therefore be described as having a (NT x NR) MIMO antenna configuration. A configuration with 1 Tx antenna and 2 Rx antennas would be designated as having a (1x2) SIMO (Single Input Multiple Output) antenna configuration.
Figure 43: Antenna Nomenclature
To take maximum advantage of the performance attributes that MIMO antenna systems can support it is necessary to minimize correlation between antennas. This can be accomplished through spatial separation, typically 3 to 5 wavelengths or more. With only two antennas, cross polarization can be used. 
With multiple Tx antennas, MIMO systems can generally operate in one of two transmit modes and in most cases can auto-adapt to the mode most applicable to existing channel conditions at any given time. These transmit modes are called:

· Transmit Diversity

· Spatial Multiplexing

Transmit diversity describes a scenario whereby the same data stream is transmitted over each of the transmit antennas. This provides multiple independent transmit paths thus increasing the probability of a satisfactory reception at a distant terminal. This feature translates to an increase in system gain resulting in either an increase in range or an increase in availability. Assuming there is no correlation between antennas, a system with 2 Tx antennas will result in a 3 dB system gain increase and a 4 Tx antenna system will result in a 6 dB increase. 

With spatial multiplexing each Tx antenna transmits a different data stream to effectively increase the channel capacity. This can provide up to a 2x increase with two Tx antennas and up to a 4x increase with four Tx antennas. 
As a practical matter the performance gains for Transmit Diversity or Spatial Multiplexing will be somewhat less than theoretically predicted due to variations in multipath, antenna patterns, and mounting limitations. 
Multiple Rx antennas in MIMO systems generally support:

· Receive Diversity with or without Maximal Ratio Combining (MRC)

· Multi-User MIMO (MU-MIMO)
Receive Diversity enhances link reliability by providing multiple independent receive paths. In its simplest implementation the receiver simply selects the highest signal level from one of the multiple antennas. Since a deep fade is unlikely to occur simultaneously on each path the probability of receiving a signal above the threshold level is increased. With Maximal Ratio Combining (MRC) the received signals are combined to provide a received signal level higher than any of the antennas receive individually.
Multi-User MIMO (MU-MIMO) is a technique typically employed on the receive side at the base station. With multiple Rx antennas, this approach combines transmissions from multiple terminals to increase the base station UL channel throughput. 
6.3.2 Beamforming
Beamforming is another advanced multiple antenna option that is available with many terrestrial-based wireless systems. This approach requires each base station antenna in the array to be spaced one-half wavelength apart. With proper phasing and amplitude control the resulting antenna pattern is formed into a narrow beam that can be steered to direct the beam to different areas within a sector coverage area as illustrated in Figure 44. The beamwidth is indirectly proportional to the number of antennas in the array. Typically 4 to 8 antennas are used to achieve the desired beamwidth. The resulting increase in antenna gain increases the link budget in both the DL and UL directions and significantly reduces the potential for interference in UL.
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Figure 44: Beamforming
Since all of the terminals must maintain a connection with the base station at all times the range is determined by the control channels which are generally linked in a sector-wide “broadcast” mode. The added link budget in a beamform system therefore does not translate to a significant increase in range or coverage but does enable a higher throughput and higher availability. 
6.3.3 Practical Considerations and Spectrum Trade-offs

Advanced antenna systems can definitely provide significant performance advantages for terrestrially-based wireless access systems however one must also consider the deployment implications, especially in the lower frequency bands. The impact on spectrum choices with respect to multiple antenna systems was briefly mentioned in section 5.2.2.2.2. 
As described above, antenna spacing is an important consideration for these systems to be effective. This can be especially challenging for higher order MIMO systems in the lower frequency bands. The following figure shows the spacing for a (4x4) MIMO array assuming, for illustrative purposes, an antenna to antenna spacing of three wavelengths. Note that this is a minimum requirement which will result in reduced performance due to the potential for antenna to antenna correlation as compared to a spacing of five or more wavelengths. 

Only taking into account the antenna spacing, at frequencies below 1000 MHz the size of a (4x4) MIMO array will exceed 4 meters with a 3-wavelength antenna separation.
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Figure 45: (4x4) MIMO Array with 3 Wavelength Spacing
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The dimensional requirements for beamforming arrays are somewhat better since the antennas are spaced at one-half wavelength apart rather than several wavelengths. Nevertheless, since beamforming arrays generally require more elements to be effective the arrays still get quite large in the lower frequency bands as shown in Figure 46 for an 8-element beamforming array. 
Figure 46: An 8-Element Beamforming Array 

In addition to antenna spacing the relative size of the antenna itself must also be considered. The gain of an antenna can be expressed as:

Antenna Gain in dBi = 10 Log10 (4πηA/λ2), 
Where A = the size of the antenna aperture, η = the area efficiency (generally a value between 30 % and 50 % depending on the antenna type design), and λ = wavelength.
As the equation indicates the antenna gain varies inversely as the square of the wavelength thus providing a significant variation in gain for a fixed antenna aperture over the frequency range 700 MHz to 6000 MHz. 
Base station antennas for wide area networks are typically designed to provide a fan-shaped pattern with a gain in the order of 12 dBi to 16 dBi. Figure 47 shows the gain for a base station antenna with an aperture to height ratio of 10 to 1 and an aperture height of 0.67 m. This provides a gain of about 15 dBi at 3000 MHz assuming an aperture efficiency of 50%.

[image: image2]
Figure 47: Antenna Gain Variation with Frequency
In the following figure the antenna aperture height required to maintain a 15 dBi gain over the 700 MHz to 6000 MHz is plotted. This, of course, is a simplistic analysis since it does not consider alternative antenna designs that can potentially improve the aperture efficiency in the lower bands. Although the curves in these two figures may present a more pessimistic prediction for the lower frequency bands the general trend is the same; antennas in the lower bands will be larger and have lower gain.
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Figure 48: Estimated Aperture Height for 15 dBi BS Sector Antenna
When deploying MIMO or Beamforming arrays, taking into account the required antenna spacing and antenna size, one must carefully consider the following factors:

· Visual impact

· Space requirements on existing utility infrastructure (utility poles, transmission towers, etc)

· Structural requirements for wind-loading forces
As described above the challenges with respect to these deployment factors are greater in the lower frequency bands. Since some of the commercially available advanced antenna systems may prove impractical in the lower frequency bands due to the antenna and array size, the path loss advantage is mitigated somewhat. Analysis will indicate that there is still a significant coverage advantage in the lower frequency bands, but the point to be made is that the projected path loss difference should not be the sole criteria for selecting these bands.
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