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Abstract

On August 31, 2000, FCC published a ruling on the Wideband Frequency Hopping issue, known as docket 99-231. In this historic ruling FCC effectively allowed up to 5 MHz wide hopping channels with a proportional reduction in the number of channels, albeit at expense of lower allowed transmit power (125 mW).

In the past IEEE 802.11 used to oppose Wideband FH rulings of FCC. Now, that the WBFH rules are a reality, in our view IEEE802.11 should recognize this as an opportunity an open a project to take advantage of the new regulations. 

We discuss the Physical Layers appropriate for the new WBFH systems. We propose an OFDM based PHY, similar to 802.11a, covering data rates of up to 20 Mbits/s. We compare it to the GFSK based PHY (scaled-up 802.11FH), as proposed by HomeRF in its original petition to FCC, and conclude that OFDM based PHY provides significantly better robustness to interference and multipath. The GFSK based systems are possible for home use, where distances are short and collocated networks are seldom. For industrial strength uses, such as enterprise LANs and Access applications OFDM based PHY provides numerous advantages.

What modulations are suitable for WBFH?

GFSK is good for WPAN, not for WLAN or Access

The HomeRF petition assumed short range indoors applications. For that, they proposed a 5-fold scale-up of the 802.11 Frequency Hopping Physical Layer, based on 2-level or 4-level Gaussian Frequency Shift Keying (GFSK). At 5 Msymbols/sec, data rates of 5 and 10 Mbit/s are achievable. However, we claim that this solution is applicable to very short range networks, such as Home Networks and Personal Area Networks (PAN) at most, not for longer range applications such as WLAN or Wireless Access. There are several reasons for this:

· The 802.11FH standard with 1 MHz symbol rate performs quite well in WLAN and even outdoor multipath. When the symbol rate is sped up fivefold, the tolerable multipath becomes five times shorter, making it usable only at very short ranges. For fixed delay spread, the packet loss rate due to channel distortion is many times higher.

· The sensitivity of the 802.11-like GFSK is hurt by the low deviation factors imposed by the FCC rules. The required sensitivities stated in the 802.11FH standard are –80 dBm for 1 Mbit/s and –75 dBm for 2 Mbit/s. With fivefold speedup the sensitivities degrade by additional 7 dB, becoming –73 dBm for 5 Mbit/s and –68 dBm for 10 Mbit/s.

· The 802.11FH devices have a bad adjacent channel rejection – in fact so bad, that the standard does not have a specification for it
. This limitation is of little consequence when there are 79 channels to hop around, but it becomes a major obstacle when there are just 15 hopping channels, as in new regulations. This consideration may be of lesser importance for home networks, where the chances of encountering multiple collocated networks are scarce, but it becomes a major obstacle in industrial scale Wireless Access or LAN applications.

The OFDM solution for Wireless Access and Wireless LAN

The 802.11 committee reexamined the issue of modulations suitable for robust high-speed communications in 1998, during the course of work on the 802.11a High Speed Physical Layer for the 5 GHz U-NII band. During the technical evaluation several modulations were compared: multicode DSSS, PPM, single carrier QAM and Orthogonal Frequency Division Multiplex (OFDM). During the thorough technical evaluation special emphasis was given to multipath robustness, high spectral efficiency, high sensitivity and implementation complexity issues. At the end of the evaluation, OFDM was chosen as the winner and it became the foundation of the 802.11a Physical Layer. In parallel, ETSI BRAN developed, in coordination with 802.11a, a highly similar OFDM based PHY for the HIPERLAN/2 project.

The new WBFH regulations released by the FCC call again for a high speed, robust, spectrally efficient PHY. We believe that OFDM based PHY, derived by scaling down the 802.11a specifications by a factor of four, gives the desired solution. The main parameters are of the proposed solution are summarized in appendix A.

Data Rates, Sensitivity, ACI

The data rates are based on the use of BPSK, QPSK, 16QAM or 64QAM constellations. In conjunction with coding rates of R=1/2, 2/3 or 3/4, the following data rates are obtained:

	Modulation
	Coding rate
	Data Rate
	Sensitivity
	Adjacent

Channel

Interference
	2-nd

Channel

Interference

	BPSK
	R=1/2
	1.67 Mbit/s
	-88
	16
	32

	BPSK
	R=3/4
	2.50 Mbit/s
	-87
	15
	31

	QPSK
	R=1/2
	3.33 Mbit/s
	-85
	13
	29

	QPSK
	R=3/4
	5.00 Mbit/s
	-83
	11
	27

	16QAM
	R=1/2
	6.67 Mbit/s
	-80
	8
	24

	16QAM
	R=3/4
	10.00 Mbit/s
	-76
	4
	20

	64QAM
	R=2/3
	13.33 Mbit/s
	-72
	0
	16

	64QAM
	R=3/4
	15.00 Mbit/s
	-71
	-1
	15

	256QAM
	R=2/3
	17.77 Mbit/s
	-67
	-5
	11

	256QAM
	R=3/4
	20.00 Mbit/s
	-65
	-7
	9


Comparing OFDM with GFSK for WBFH

For comparison, let’s look at the GFSK based system
 .

	Modulation
	Data Rate
	Sensitivity
	Adjacent

Channel

Interference
	2-nd

Channel

Interference
	3-rd

Channel

Interference

	2GFSK
	5.00 Mbit/s
	-73
	Not specified
	30
	40

	4GFSK
	10.00 Mbit/s
	-66
	Not specified
	20
	30


We see that for same data rates, 5 and 10 Mbit/s, the sensitivity (and correspondingly Co-Channel Interference (CCI)) of OFDM is better than GFSK by 10 dB!! Another way to look at it is that data rate is increased by 70%-100%. Yet another factors in favour of OFDM are the ability to operate systems in adjacent channels and an order of magnitude better multipath robustness. 

On the negative side, OFDM needs a linear power amplifier with larger capability than the actual transmitted power. However, given that the allowed transmit power is only 125 mW, we believe it is not a major limitation.
Conclusions

The new Wideband Frequency Hopping regulations of FCC enable a new generation of high performance systems in the 2.4 GHz ISM band. We urge IEEE802.11 to open a corresponding project. On the technical solution side, we believe that OFDM based systems are the best way to take advantage of these new regulations. 

Appendix A – OFDM PHY for 2.4 GHz Parameters

The proposed PHY is a scaledown by a factor of 4 of the 802.11a standard, with some shortening of the guard interval for reduced overhead.

Modulation
The OFDM parameters of the proposed PHY are:

 Channel spacing of 5 MHz, signal bandwidth of approximately 4.2 MHz. 

 Data rates rates ranging from 1.33 Mbit/s to 20 Mbit/s

 52 subcarriers with 5 MHz / 64 = 78.1 KHz spacing

 48 data carrying subcarriers and 4 pilot subcarriers for carrier phase reference.

 BPSK, QPSK, 16-QAM, 64QAM or 256QAM modulation on each subcarrier with Gray-coded constellation mapping

 Binary convolutional coding with bit interleaving.

 K=7, R=1/2 industry standard convolutional code with puncturing to rates of R=3/4 and R=2/3.

 Block interleaver with block size equal to a single OFDM symbol.

 OFDM symbol duration of 14.4 microseconds, composed of 12.8 microsecond Fourier period and 1.6 microsecond Guard Interval (GI). Note the proposed GI duration is longer than in the 802.11a (0.8 usec)

 A preamble consisting of 28.8 microsecond short training sequence and of 28.8 microsecond long training sequence 

Table 1: Data rates versus constellation and coding rate

	      Coding rate

Constellation
	R=1/2
	R=2/3
	R=3/4

	BPSK
	1.67 Mbit/s
	
	2.50 Mbit/s

	QPSK
	3.33 Mbit/s
	
	5.00 Mbit/s

	16QAM
	6.67 Mbit/s
	
	10.00 Mbit/s

	64QAM
	
	13.33 Mbit/s
	15.00 Mbit/s

	256QAM
	
	17.77 Mbit/s
	20.00 Mbit/s



Frequency plan of the data and pilot subcarriers

Guard Interval length and multipath robustness

The data is imposed onto the subcarriers, which are subsequently transformed into time domain by an inverse Fourier transform (IFFT). The resulting waveform is periodic with 12.8 microsecond periodicity (1/78.1 KHz). One period of the waveform is sufficient for conveying the data imposed on that group of subcarriers, however it is common practice to extend the transmitted waveform by the so-called Guard Interval (GI). The Guard interval prevents the adjacent symbol echoes from leaking into the symbol being currently demodulated, as illustrated in Figure 2.


The length of the Guard Interval is directly related to the duration of the anticipated multipath. The 802.11a and HIPERLAN standards recommend 0.8 microsecond GI. Due to the scaledown in bandwidth, choosing 1.6 microseconds both improves performance and reduces the relative overhead. At 10 Mbit/s, the OFDM based PHY will be capable of operating at 300-400 nanosecond multipath delay spread. Generally, the tolerable delay spread is at least twice as large as for 802.11a for he corresponding constellation and the coding rate.
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� In order to squeeze most speed out of FCC Part 15.247 FH regulations the 802.11 community adopted a 1 Msymbol/s signaling rate – same as channel spacing. The implication of that is that an essential fraction of the signal reaches out of the 1 MHz bandwidth, since the channel edges are at the Nyquist frequencies of the signaling. Most 802.11FH receivers use IF filters nearly 2 MHz wide, and therefore are susceptible to signals in an adjacent channel.





� : The sensitivities are computed for same assumptions as OFDM: NF=10 dB and 5 dB implementation degradation. The ACI for OFDM is computed by integrating over the spectral mask in 802.11a. The origin of ACI numbers for GFSK in the 802.11FH standard is unclear.
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