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Specific Recommended Channel Multipath Models for 802.16.1

David Falconer, Carleton University, Wei Zhang, and Nader Moayeri, NIST

1. Introduction

Based on available broadband wireless propagation data and previous literature, several classes of multipath
propagation models were presented at the previous 802.16 Working Group meeting [Fal00], [ Xu00], [[Zha00].
The present contribution attempts to fulfill arequest that ssmpler models for evaluation of PHY solutions be
recommended with as few variable parameters as possible. Implications for PHY design — notably design of
preamble sequences for equalizer training — are also suggested.

2. Recommended Multipath Models
2a. Background

Broadband wireless systems of the type envisaged in the 802.16.1 functional requirements document will likely
tend to be deployed with highly directive subscriber antennas in environments offering line of sight
transmission. Nevertheless, an intersymbol interference impairment may occur as a result of multipath —
reflections, scattering or diffraction caused by objects near the line of sight path, which are illuminated by an
antenna beam. These multipath components may change with environmental conditions; for example wet leaves
and flat roofs covered with water have different scattering and reflection properties from their dry counterparts
[Xu99], [Xu0qQ].

The use of highly directive antennas (e.g. £1° beamwidth), at least at the subscriber’ s end, as well as careful
placement of subscriber and base antennas to achieve LOS paths, should limit the maximum delay spread to
moderate values; e.g. below 60 ns. Measurement data and theoretical models using directive antennas at
millimeter wave frequencies supporting this hypothesisinclude: [ETSI99], [Fal99b], [Fal00], [Pap97a],
[Tho94], [Vio88], [Xu99], [Xu00] and [Zha00]. Much longer delay spreads, with relatively dense impulse
response patterns, are typically observed in environments where wide base and subscriber antenna beams and
NL OS paths are the norm [Erc99].

2b The Recommended Multipath Models

Four recommended multipath response models, numbered O through 3, are shown in Table 1, corresponding
respectively to a channel with no multipath, one with “good” multipath, one with “medium” multipath, and one
with “bad” multipath. They are al normalized to have unit energy. These models are intended to be useful for
evaluation of PHY solutions with bandwidths from afew MHz up to about 50 MHz. They are adapted from
responses shown in [ETSI99], [Fal99b], [Fal00], [Pap97al, [Vio88], [Xu99], [Xu00] and [Zha00]. They are
not necessarily typical responses, although their echo delays and amplitudes are similar to those of some
responses that have been reported in the above references. Instead, they are intended to provide varying degrees
of “stress’ for evaluation of PHY solutions. Model 1 hasasmall (-20 dB) echo at a20 ns. delay. Model 2 has
-10.5 dB and —20 dB echoes at 0 ns. and 30 ns., respectively. This model exhibits a*“non-causal” characteristic
(the first pulseis a precursor, less than the maximum echo, which is at 20 ns.). Precursors were observed in
measurements reported in [Fal99b], and can represent situations where the shortest radio path is attenuated
relative to some dightly longer paths — for example due to partial attenuation or blocking of the LOS path by
heavy localized rain, or to misalignment of the subscriber’ s antenna. This model can test the ability of a
moderately complex adaptive equalizer to overcome multipath-induced intersymbol interference. Furthermore,
its non-causal characteristic would provide a more severe test of a decision feedback equalizer than would an
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equivalent causal response. Model 3 isanormalized version of a measured channel reported in [Pap974].
Because its second echo, at —2.8 dB, is nhegative and only 3.6 ns. from the main pulse, this channel will cause
severe attenuation (a manifestation of a multipath fade) of signals whose bandwidth is much less than 250 MHz.
Thelast echo, at —16.2 dB, isat adelay of 15.3 ns.

It isworth noting that good, medium and bad channel models were measured and reported in [Pap97a] and
[Zha00]. The good channel model in those references is the same as our Model 0; i.e. no multipath echo. The
bad channel model isthe same as our Model 3, and is also the sameas Model “L7” in [ETSI99]. The medium
channel model in [Pap97a] and [Zha00] has a smaller delay spread than our Models 1 and 2, and asmaller
multipath echo than our Model 2. However, the multipath response measurements on which the 3 channel
models of [Pap97a] were based were al done for path lengths of under 0.5 km. Longer paths could admit
somewhat larger delay spreads (see for example [ Xu99] and [X0Q]).

Tap Tap Tap
Number | Delay (ns.) | Amplitude
Model 0 | 1 0 1.0
Model 1|1 0 0.995
2 20 0.0995 exp(-j0.75m)
Model 2 | 1 0 0.286 exp(-j0.75m)
20 0.953
30 -0.095
Model 3| 1 0 0.804
3.6 -0.581
153 -0.124

Table 1. Recommended multipath models

Frequency response magnitudes of these models are shown in Fig. 1.
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Fig. 1 Frequency responses of Models 1, 2 and 3

Asseen in Fig. 1, the bad channel (Model 3) in particular displays a severe frequency response notch at the
channel center frequency, which would result in significant received signal attenuation (multipath fading),
especially for signals with relatively narrow bandwidth about the center frequency. Adaptive equalization can
cure intersymbol interference resulting from the multipath, but for a fixed signal bandwidth, cannot cure the loss
in receiver input SNR due to the frequency notch. Thisisillustrated in Fig. 2, which shows two curves for each
of Models 1, 2 and 3. Thetop curvein each pair, labeled “ SNRin”, shows the signal-to-noise ratio observed
through areceiver input 25% sguare root raised cosine filter whose bandwidth is matched to the symbol rate, for
12.5, 25 and 50 Mbaud symbol rates. The input noise level is set so that the input SNR for a perfect (0 dB gain,
frequency nonselective) channel would be 30 dB. These curves indicate that the multipath in Models 1 and 2
cause negligible or moderate input signal power loss, whereas Model 3 causes severe signal power |0ss,
especially at lower symbol rates.

The bottom “SNRout” curve of each pair isthe signal to noise ratio at the output of afractionally spaced DFE
with two input samples per symbol. The “noise’ at the equalizer output is the minimum mean squared error that
includes residual intersymbol interference as well as noise. The DFE had one feedback tap, and 4, 6 or 8
forward taps, depending on the symbol rate and channel'. Symbol-rate DFE’ s with a good timing recovery
algorithm would likely give similar performance with about half the number of forward taps. No attempt was
made to optimize the sample timing, equalizer delay, or number of equalizer taps. An approximate BER

estimate for QPSK is pgr = lerfc(\/SNR /2),» where SNRis the equalizer output SNR. The SNRin and SNRout
2

curves for Model 1 coincide. While the sets of curvesfor Models 1 and 2 appear close together for effective
equalizers, it should be noted that they would differ significantly in the absence of equalization. For example,

! In the results shown, 4 forward taps were used for Models 1 and 3, while 6 forward taps were used for Model 2 at 12.5 and 25 Mbaud, and 8
forward taps at 50 Mbaud.
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Model 1 for asymbol rate of 12.5 Mbaud could achieve a SNRout of about 28.6 dB without equalization, while
Model 2 for the same symbol rate would only achieve about 18 dB.
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Fig. 2 SNR at receiver input after filtering, and at fractionally-spaced DFE output for Models 1, 2 and 3

3. Time Variability — and Implications for PHY Preambles
3a. Time Variability

Thereisrelatively little measurement data on time variations of fixed broadband millimeter wave radio links
[Pap97b]. However measurements of fading bandwidths due to foliage movement, primarily in NLOS links,
reported in [Naz99] suggest that atypical worst case fading bandwidth for the amplitude of a 30 GHz carrier
could be up to about 200 Hz. This would correspond to a maximum Doppler shift arising from movement of
about 2 m/s. We know of no data on time variation of the phase of multipath components. In any case it seems
clear that time variation will be extremely slow relative to envisaged bit rates (e.g. one cycle of 200 Hz Doppler
spans 10*bit intervals at 2 Mb/s, and 10° bit intervals at 20 Mb/s. Therefore specification of a precise model of
time variability of multipath seems unnecessary.

3b. Implications for PHY Design

Experience with designing adaptive equalizers for rapidly time-varying radio channels[L091] givesthe
following rough rule of thumb for characterizing time variation as “fast” or “slow”, with respect to equalizer
adaptation tracking requirements:

[Doppler frequency]X[Number of equalizer taps]

>.001 ? "Fast"adaptation required
[Symbol rate]
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With 200 Hz Doppler, aminimum symbol rate of about 2 Mbaud, and fewer than 8-10 adaptable equalizer taps,
the 0.001 limit is not exceeded, and hence afast channel tracking capability is not an issue, asit isin some other
cellular systems such as |S-136.

For an 802.16.1 system for example, the time variation is slow enough that the channel impul se response
estimate and/or equalizer coefficients could be updated and then held fixed for atime slot period of at least 100
usec without the need for further adaptation in that period. For line of sight environments, the channel will
remain fixed for much longer periods. For uplink TDMA transmission, a subscriber transmits a burst once per
uplink frame. For frame lengths on the order of 1 ms. or longer, complete updating (retraining) of equalizer
coefficients or channel estimates would be prudent, using a preamble at the start of the burst. A preambleisa
predetermined sequence of transmitted symbols used for synchronization and for training of equalizer
coefficients. For continuous downlink TDM transmission, a preamble for equalizer training should be inserted
at periodic intervals. The period may be adjusted according to the time variability of the link, but would
generally be expected to be in the range of 100 usto several ms.

Calculation of equalizer coefficients, using the preamble, and the response of the channel to it, can be done
efficiently by avariety of methods involving direct matrix inversion (DMI) of Wiener-Hopf matrix equations,
or by RLS (recursive least squares) algorithms [L091], [Hay96]. Simpler adaptation methods, such asLMS, are
slow, and would require arelatively long preamble. The minimum preamble length, in symbol intervals, to
achieve amean squared error no more than 3 dB higher than the minimum M SE, required for DMI or RLS-type
solutionsis about two times the number of equalizer coefficients [Hay96]; i.e. on the order of 8 to 15 symbol
intervals for 802.16.1 systems [Fal99a]. For TDM downlink transmissions, the preamble could be a distributed
one, interspersed with payload data.

4. Acknowledgements
Wegratefully acknowledge Peter B. Papazian for useful discussions on LMDS radio channel measurements.

5. References

[Erc99] V. Erceg, D.G. Michelson, S.S. Ghassemzadeh, L.J. Greenstein, A.J. Rustako, P.B. Guerlain, M .K.
Dennison, R.S. Roman, D.J. Barnickel, S.C. Wang and R.R. Miller, “A Modé for the Multipath Delay Profile
of Fixed Wireless Channels’, IEEE J. Sel. Areasin Communications, Vol. 17, No. 3, March, 1999, pp. 399-410.

[ETSI99] ETSI/BRAN document HAPHY 151TL 03, “Channel model suitable for bands over 20 GHZz", 21 Sept.
1999.

[Fal99a] D. Falconer and R. Saini, IEEE 802.16pc-99/28, “Equalization Requirements for Millimeter Wave
Fixed Broadband Wireless Access Systems’ Aug. 18, 1999.

[Fal99b] D. Falconer, IEEES02.16pc-00/01, “Multipath M easurements and Modelling for Fixed Broadband
Wireless Systemsin a Residential environment”, Dec. 20, 1999.

[Fal00] D. Falconer, T. Kolze, Y. Leibaand J. Liebetreu, IEEE802.16.1pc-00/15, “Proposed System
Impairment Models’, Feb. 29, 2000.

[Hay96] S. Haykin, “ Adaptive Filter Theory”, 3d ed., Prentice-Hall, Upper Saddle river, N.J. 1996

[Lo91] N.W.K. Lo, D.D. Falconer and A.U.H. Sheikh, “ Adaptive Equalization and Diversity Combining for
Mobile Radio Using Interpolated Channel Estimates’, IEEE Trans. Vehic. Technol, Val. 40, No. 3, Aug. 1991,
p. 636-645.

[Pap97a] P.B. Papazian, G.A. Hufford, R.J. Achatz and R. Hoffman, “ Study of the Local Multipoint
Distribution Service Radio Channel”, |IEEE Trans. Broadcasting, Vol. 43, No. 2, June, 1997, pp. 175-184.
5



2000-04-24 |EEE 802.16.1pc-00/21
[Pap97b] P.B. Papazian and G.A. Hufford, “ Time Variability and Depolarization of the Local Multipoint
Distribution Service Radio Channel”, Proc. 1997 Wireless Communications Conf., Boulder, CO, Aug. 1997.

[Naz99] N. Naz, “Temporal Variation Characterization for LMCS Channel and System design Implications”,
M.Eng thesis, dept. of systems and Computer Engineering, Carleton University, Ottawa, Canada, May 1999.
Also: N. Naz and D.D. Falconer, “Temporal Variations Characterization for Fixed wireless at 29.5 GHz”, to be
presented at VTC2000, Tokyo, May, 2000.

[Tho94] H.J. Thomas, R.S. Cole and G.L. Siqueira, “An Experimental Study of the Propagation of 55 GHz
Millimeter Waves in an Urban Mobile Radio Environment”, IEEE Trans. on Vehicular Technology, Vol. 43,
No. 1, Feb. 1994.

[Vio88] E.J. Violette, R.H. Espeland, R.O. DeBolt and F. Schwering, “Millimeter-Wave Propagation at Street
Level in an Urban Environment”, |EEE Trans. Geoscience and Remote Sensing, Vol. 26, No. 3, May, 1988, pp.
368-380.

[Xu99] H. Xu, T.S. Rappaport, R.J. Boyle, And J.H. Schaffner, “ 38 GHz Wideband Point-to-Multipoint Radio
Wave Propagation Study for a Campus Environment”, Proc. IEEE VTC ' 99, Houston, May 1999.

[Xu0Q] H. Xu, T.S. Rappaport, V. Kukshya and H. | zadpanah, IEEE802.16.1pc-00/12r1, “Multipath
Measurements and Modelling for Fixed Broadband point-to-Multipoint Radio wave Propagation Links under
Different Weather Conditions’, Feb. 25, 2000.

[Zha00] W.Zhang and N. Moayeri, IEEE802.16.1pc-00/16, “ Recommendation on Channel Propagation Model
for Local Multipoint Distribution Service”, Feb. 29, 2000.



