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1. Introduction

The IEEE 802.22 functional requirements document [1] specifies that the maximum EIRP of an 802.22 device is 4W. It was emphasized again in Denver [2] that this supposes for example that the maximum conducted output power is 1W + up to 6dBi antenna gain, resulting in a maximum of 4W out of the antenna.
A question was raised following the joint proposal group presentation of multiple antenna techniques: is it possible to achieve beamforming gain with a max EIRP limit? The underlying assumption was that the transmitter conducted output power (COP) had to be decreased when an antenna gain over 6 dBi was achieved by beamforming, in order not to exceed 6W of max EIRP. 

This document replies to a request to produce further analysis and a demonstration that beamforming, and similarly SDMA, can effectively provide performance gains in the WRAN. The discussion is driven by the application in the proposed OFDMA system for the WRAN. A preliminary overview of proposed regulations on max EIRP in unlicensed spectrum for multiple antenna systems is first provided. A discussion of beamforming in OFDMA system is then presented, supported by simulations results. 
2. FCC Part 15 EIRP regulations and NPRM
The FCC current rules for Part 15 radio frequency devices does not have specific rules for smart antennas. The NPRM ET Docket No. 03-201 [3] brings some elements of thoughts on future rules for smart antennas. Some excerpts are copied below. Note that the Part 15 rules apply to the 2.4 GHz band. 
· “the Commission proposed to allow sectorized and phased array systems to operate at the same power levels permitted for point-to-point directional antennas by limiting the total power that may be applied to each individual beam to the level specified in Section 15.247(b), i.e., 0.125 Watt or 1 watt, depending upon the type of modulation used”

· “we proposed, therefore, to limit the aggregate power transmitted simultaneously on all beams to 8 dB above the limit for an individual beam. This added restriction will allow a maximum of six individual beams to operate simultaneously at the maximum permitted power”

· “the Commission proposed that the transmitter output power be reduced by 1 dB for each 3 dB that the directional antenna gain of the complete system exceeds 6 dBi”

· “we are allowing advanced antenna systems, including sectorized and adaptive array systems, to operate with an aggregate transmit output power transmitted simultaneously on all beams of up to 8 dB above the limit for an individual beam”

· “we are adopting a requirement that the total EIRP on any beam may not exceed the EIRP limits for conventional point-to-point operation”

· “we will require that the aggregate power transmitted simultaneously on overlapping beams be reduced to ensure that EIRP in the area of overlap does not exceed the limit for a single beam. Applications for equipment authorization must include the algorithm that will produce the maximum gain to ensure that the requirement will be met”

· “we are not adopting a rule to restrict advanced antenna systems to 120º beamwidth”

· “systems using technologies such as MIMO, space-time coding, and switched beam devices will be accommodated under the new rules”

Comments were received, in particular concerning how the bandwidth is defined, and if the limit should apply to each channel or frequency used by the system. 

With respect to the maximum conducted output power and the system bandwidth, the following existing rules can be found [4]:

In 5GHz band, the FCC regulatory requirements for power limits are as follows:

	Frequency Band

(GHz)
	Maximum Conducted Output Power
	Maximum Antenna Gain w/o Reduction in Output power

	5.150 – 5.250
	Min(50mW,

4dBm+10log10(BW_MHz)
	6dBi

	5.250 – 5.350

5.470 – 5.725
	Min(250mW, 11dBm+10log10(BW_MHz)
	6dBi

	5.725-5.850


	Min(1000mW, 17dBm+10log10(BW_MHz)
	6dBi


This gives the following rule for the maximum conducted output power in the 5.150 – 5.250 GHz band, illustrated in Fig. 1. 
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Fig. 1. maximum conducted output power in the 5.150 – 5.250 Ghz band
3. Antenna gain testing

Antenna testing for smart antenna systems would most likely differ from existing tests. Would individual antenna elements be tested, or the complete array? In a point-to-multipoint system, how can the actual behavior of the antenna be tested? It would be difficult to test the SDMA or adaptive antenna arrays outside normal operation conditions. It is not possible either to rotate the adaptive antenna array to measure its pattern if the users remain fixed. 
4. Beamforming in OFDMA

Single carrier systems

In a single user single carrier system, beamforming with a single beam across the whole frequency band would induce a preferred direction where most of the power would be radiated according to the gain and radiation pattern of the antenna array. With an antenna gain G in dBi and COP in dBW: 
Max EIRP = COP + G in dBW
According to regulations, the COP would need to be reduced such that the maximum EIRP does not exceed 4W if the gain exceeds 6 dBi. In this case, the received SNR cannot be increased as compared to transmitting 4W with an omnidirectional antenna (0 dBi gain). In fact, in case of multipath propagation, less power would be received by beamforming with a maximum gain of 6 dBi, since some of the paths that conduct power in the omnidirectional radiation case would not conduct any power with a directional antenna. However, when the signal propagates along preferred directions, beamforming is still more power efficient, since it allows to radiate close to the same power in the preferred radiation with reduced COP. 
Multicarrier systems

In a multiuser multicarrier system, multiple users share the bandwidth by using separate subchannels, where a subchannel is composed of several subcarriers. Let us consider the case of adjacent subcarriers, which is the preferred scenario for transmission schemes that rely on closed-loop operation with multiple antennas, requiring channel state information at the transmitter.

Downlink with multiple transmit antennas at the base station
The users that are simultaneously scheduled to receive signals during a downlink OFDMA symbol are likely spatially uncorrelated. The following properties of OFDMA beamforming apply:
· The COP per subcarrier is scaled according to the number of used subcarriers

· Beamforming directions for several users are likely different

· One user is scheduled per subchannel, and uses the same beamformer for all subcarriers in one subchannel. 

The total EIRP is the sum of the EIRP per subcarrier. It will be compared to the EIRP of a single omnidirectional antenna. Note that the maximum COP applies as a sum-constraint to the antenna array, not to each element, so that the total COP is the same in the single and multiple antenna cases. 
Therefore in an OFDMA system, the total EIRP contributed in a given spatial direction comes from the main beam directed towards desired users on some subchannels, and the sidelobes of the beamformers on other subcarriers. It can be expected that the total over all subcarriers will be much lower than the sum of the maximum EIRP on each subcarrier, which would be the actual situation on every subcarrier with an omnidirectional antenna. 
Uplink with multiple transmit antennas at the CPE
On the uplink, a single CPE would typically transmit using only one subchannel in a given OFDMA symbol. Depending on whether the EIRP limit is a maximum EIRP limit or a maximum EIRP density limit, the CPE is allowed to transmit 4W in a subchannel or not. The behavior of transmit beamforming on the uplink would therefore be of a similar nature than the single-user single carrier system. In the current joint proposal, multiple antenna techniques do not rely on uplink transmit beamforming, but rather on uplink receive beamforming at the base station. 
5. Simulation environment

The antenna array used in the simulations is a linear uniform array with 4 omnidirectional elements. The array elements are separated by half the wavelength of the carrier frequency. We consider a system with multiple antennas at the base station and single antenna receivers at the CPEs. We consider an FFT size of 2048, and a certain number of subchannels composed of adjacent subcarriers. All subchannels are of equal length (number of subcarriers). We assume that there are more users than subchannels, and that each active user is scheduled on at most one subchannel per OFDMA symbol. Scheduling of the users is done randomly. The beamforming vector is obtained from the channel vector of the user on one subcarrier in a given subchannel, and it is used for every subcarrier in the subchannel. 
We consider 2 channel models:
· Model 1: completely correlated. Each user’s signal propagate along a single direction from the transmitter to the receiver. This direction is completely determined by an angle of arrival (AoA) and an angle of departure (AoD). The channel vector is a perfect array response vector. The AoDs are randomly generated according to a uniform distribution with angle spread 360 degrees. 
· Model 2: completely uncorrelated. Each user’s channel vector is composed of i.i.d. complex Gaussian random variables with mean 0 and variance ½ per real dimension.

Beamforming to one user is performed by matched filtering the channel vector. At the transmitter side, this means that the weights applied to the array elements are complex conjugates of the elements of the channel vector. For the channel model 1, this is equivalent to operating a steering array where only phase differences are applied to the array elements. For the channel model 2, different magnitudes and phases are applied to the array elements. In both cases, the beamforming weight vector has unit norm. In both cases, the SNR is maximized. For the channel model 2, the maximization of the SNR comes from maximum ratio combining of the multipaths. We will therefore refer to this type of beamforming as maximum ratio combining transmission (MRC). 
6. Simulation results

6.1. Correlated channel model
Beamforming is performed by a steering array that applies difference phases to the array elements. The radiation pattern of the array forming a beam in the directions at -10 degrees or 60 degrees is shown on the right plot of Fig. 2. The left plot shows the radiation pattern obtained by beamforming using maximum ratio combining transmission, when the channel vector is the sum of the array response vectors at -10 and 60 degrees. 
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Fig. 2. radiation patterns of the matched-filter array (left) and of the steering array (right)
We now turn to the OFDMA channel. Fig. 3 and 4 show the radiation patterns on each subchannel (blue patterns) as well as the AoDs of the scheduled users (green lines). The COP on each subchannel is scaled by the number of subchannels. The thick red pattern is the overall radiation pattern. The outermost dotted circle represents the limit of 0 dBi. Dotted circles are spaced by 10 dB. The array factor gain of 6 dB can be seen as the maximum of the blue curves. 
It appears that the overall pattern has a gain below 6 dBi, compared to the gain of the steering antenna array as if it was used in a single carrier single user system. The actual gain depends on the granularity of the sub-channelization. With this example, we can increase the SNR of the users while meeting the FCC requirements with a margin. Note that this has an impact on the reduction of interference created to primary users and other secondary users. 

This provides a demonstration that the use of an antenna array with 6 dBi gain on any given subcarrier results in an effective OFDMA antenna with less than 6 dBi gain. 
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Fig. 3. Example of an OFDMA radiation pattern of the steering array with 4 subchannels
[image: image4.jpg]


 
Fig. 4. Example of an OFDMA radiation pattern of the steering array with 16 subchannels
Fig. 5 shows the radiation patterns for random channel realizations with 2, 4, 8, 16, 32 and 64 subchannels. 
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Fig. 5. OFDMA radiation pattern of the steering array with 2, 4, 8, 16, 32 and 64 subchannels
Fig. 6 shows the average effective antenna gain as a function of the number of subchannels. Remember that the typical number of simultaneously serviced users in the WRAN is 12. With 12 subchannels, the mean effective antenna array gain is below 3 dBi. 
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Fig. 6. Average antenna gain with a steering array in OFDMA as a function of the number of subchannels
6.2. Uncorrelated channel model
The channel is now uncorrelated Rayleigh fading, and the beamforming is maximum ratio combining transmit beamforming. Fig. 7 shows the average effective antenna gain as a function of the number of subchannels. Due to the non-directional nature of the channel, wider beams are necessary to combine the multipaths, resulting in a reduced array factor gain on any subcarrier. As a result, the mean effective antenna array gain in OFDMA is lower than in the correlated channel model 1.  
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Fig. 7. Average antenna gain with a maximum ratio combining transmit beamforming array in OFDMA as a function of the number of subchannels
Fig. 8 shows the radiation patterns for random channel realizations with 2, 4, 8, 16, 32 and 64 subchannels. 
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Fig. 8. OFDMA radiation pattern of theMRC beamforming array with 2, 4, 8, 16, 32 and 64 subchannels
Fig. 9 shows the distribution of the effective antenna array gain for different channel models and numbers of subchannels. 
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Fig. 9. Cumulative distribution function of the effective antenna array gain in multicarrier (MC) OFDMA  and single carrier (SC) systems. 
6.3. Sectorized cells
If a directional antenna element is used, such as a sector antenna, then the mean effective antenna array gain must not be larger than the difference between 6 dBi and the gain of the antenna element, under the current FCC rules. However, since there is a margin in OFDMA between the array factor gain and the effective antenna array gain, it is still possible to achieve the benefits of beamforming and meet the FCC rules. 
6.4. Space division multiple access
In SDMA, multiple users share the same subchannel, but the total transmitted power per subchannel is shared among these users. One beam is sent to one user. As a consequence, there will an even larger amount of spatial diversity, comparable to having a larger number of subchannels. Thus it is expected that the mean effective antenna array gain in SDMA will be lower than with beamforming. 
7. Conclusions

· The future FCC rules for smart antennas are not known, and they might be adapted to allow more power per beam.
· Testing procedures of the equipment for operation with smart antennas are not known.
· Definition of system bandwidth over which the rules apply is not clear.
· It is nevertheless possible to use beamforming in OFDMA systems and achieve an effective antenna gain lower than the array factor gain, without decreasing the SNR of the scheduled users.
· However this is not a classic way of looking at smart antennas, which traditionally assumed fixed beams or switched beams. 
· Beamforming and SDMA offer multiple advantages in terms of range and coverage increase, power savings, enhanced data rates, and decreased interference to other systems. 
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Abstract


The present contribution shows that beamforming in an OFDMA system is beneficial even in the presence of an EIRP limit, such as the FCC EIRP limit for Part 15 devices operating in unlicensed spectrum. Not only beamforming gains can be achieved, which allows to increase range, coverage or throughput, but power savings can be realized, which offers enhanced protection for the primary users of the spectrum. 
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