
6.2 Coverage, Capacity, Latency Tradeoffs
This section discusses key performance factors that are common to any smart grid wireless communication network deployment and how these factors relate to the demographics and characteristics of the area being considered for deployment. From an operational perspective key performance parameters are propagation range, UL and DL capacity, and latency. In section 5 we discussed and provided generally accepted path loss models for indoor and outdoor land-based wireless networks. Additionally we described how link budgets can be derived and how range and channel capacity can be determined. In this section we bring in the other key deployment variable, demographics. 
In a wireless network we can generally describe deployments as Range-Limited or Capacity-Limited. Range-limited scenarios cover the case where each base station is deployed in a manner that fully utilizes its range capability determined solely by the applicable link budget and the path loss characteristics of the area being covered without regard to data capacity requirements. Capacity-limited describes scenarios for which data traffic requirements are high and base stations or access points have to be spaced closer together to limit the number of actors per base station so as not to exceed the base station capacity capability. Latency is another key SG performance requirement and depending on; channel goodput, average message size and rate, and number of actors, could result in a deployment that is limited in its ability to meet latency requirements in accordance with the queueing model that was described in section 5.2.7.. 
6.2.1 Demographic Breakdown

From a demographics perspective it is informative to group deployment regions into the five categories described in the following table which includes area breakdowns based on US census data
. 
	Demographic Region
	Housing Unit Density
 (HU/sq-mi)
	% of US Population
	% of US Land Area
	Typical Characteristics

	Dense Urban
	≥ 4,000

|(≥1545 HU/km2)
	11.0
	0.05
	Large number of high rise multi-tenant buildings large number of businesses

	Urban
	1,000 to 3,999
	34.7
	0.6
	Densely packed 4-6 storey buildings, residential and industrial

	Suburban
	100 to 999
	30.7
	3.2
	Mix of 1 and 2-family homes, low rise apartment buildings, shopping centers, more trees, parks, etc

	Rural
	10 to 99
	17.0
	22.7
	Larger parcels, low rise buildings, more trees and terrain obstacles

	Low Density Rural
	< 10

(<4 HU/km2)
	4.2
	72.3
	More extreme terrain characteristics, HU densities vary from clusters to individual HU miles apart


In addition to the typical area characteristics included in the table there are some additional generalizations that can be made related to population and HU densities that relate directly to terrestrial wireless SG network deployments.
In deployment regions with very high population densities one can expect:

· Limited spectrum options: Spectrum congestion will always be limited factor in areas with high population density. These are prime markets for other wireless operators and if any excess network capacity does exist it will, very likely, be quickly consumed to keep up with the growing demand. That said, any spectrum that is available for Smart Grid networks may be in limited amounts and may not always be in a favorable frequency band for best range and coverage. This may require the use of smaller channel BWs, subsequently leading to lower channel capacity.
· Higher interference: With higher traffic densities and smaller cell sizes the potential for interference will be higher in these regions. This will be especially true in the unlicensed bands but can also play a role in licensed bands unless generous guard-bands are used. Limited spectrum dictates more aggressive frequency reuse giving rise to greater sector to sector and cell to cell interference. The need for greater margins to account for interference will lower the link budget. 
· Most deployments will be capacity-limited or limited in the number of actors per channel to meet latency requirements: Limited spectrum and high HU densities will lead to deployments that will have to be sized to meet capacity and latency requirements for most SG network segments.
In contrast, for areas with very low population densities it is reasonable to expect:
· Spectrum availability: Spectrum is more likely to be available. Existing license holders in some cases will be willing to lease portions of underutilized blocks of spectrum. Sharing the Public Safety bands with local municipalities is a realistic expectation and the use of license-exempt spectrum can be considered without the concern for large amounts of interference. 
· Most deployments will be range-limited: With the ability to deploy a wireless network with a reasonable channel BW, deployments in rural areas will most always be limited by the range capability. The exception would be in the unlicensed bands where regulators impose EIRP restrictions. 
It is informative to delve deeper into the two extreme demographic categories, Dense Urban and Low Density Rural, to gain a better understanding of the challenges associated with each with respect a SG wireless network.
6.2.2 Dense Urban Regions

In addition to the high density of meters and other utilities infrastructure that must be connected in a Dense Urban area wireless network, the deployment must also deal with significant propagation challenges. With the prevalence of underground utilities in metropolitan areas, meter banks will often be located in grade-level weatherized enclosures or below ground level in the basements of high-rise multi-tenant buildings. In either case the penetration losses will be significant. Additionally, as was discussed in Section 5, all of the relevant path loss models predict a higher path loss for urban deployments as compared to average suburban and rural areas due to building blockage. The range capability is further impacted when base station antennas are located below the rooftops of the surrounding buildings. This is clearly illustrated in the following figure where range projections are shown for an AMI network under the following conditions:

· Outdoor pole-mounted DAP (Base Station) with an antenna height of 10 meters
· Basement located or cabinet-enclosed meter banks (denoted as ID Basement)
· Above ground located meter banks in indoor locations (denoted as ID Other}

The range projections are based on the ITU-R M.2135-1 Urban Micro-cell path loss model described in Section 5.2.1.2. This model is considered valid for the 2000 MHz to 6000 MHz frequency range. The dotted lines extending the data to 700 MHz are simply estimated projections for illustrative purposes. 
The third plot in figure 1 is based on the ITU-R M.2135-1 Large City Urban path loss model and assumes:

· An outdoor roof-mounted base station (30 meter height)
· Terminals consisting of outdoor pole-mounted DAPs (10 meter height)
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What can be surmised by this is that for AMI deployments in Dense Urban and probably many Urban area deployments, the deployment will very often be range-limited and not capacity-limited since the coverage area will be severely limited by the high penetration loss to reach installed meter banks and the higher urban area path loss with DAPs mounted below adjacent roof-tops. With the small coverage area the number of meters per DAP will generally be well within the capacity capability of the base station. At 3500 MHz, based on 4000 HU/sq-mi, the traffic load for each sector would be about 300 smart meters per channel. It is important to mention that mounting the DAPSs above the prevailing roof height in a dense urban area would not yield a significant benefit. Since the DAP antennas, with a fan-shaped beam, would be pointed downward to reach the grade or below grade located meters, the effective area coverage would not be increased enough to offset the added complexity and cost of acquiring roof-rights.
Figure 1: Dense Urban Range Projections
The above analysis suggests a layered architecture for dense urban areas as shown in figure 2. The Pico-cells and Micro-cells represent DAPs with a nominal antenna height of 10 meters. The Pico-cells access basement-located and vault-enclosed smart meters while the Micro-cells have access to smart meters in more favorable locations from a path loss perspective and, with lower penetration loss, cover a wider area. The Macro-cell provides an aggregation node for the DAPs and may also pick up additional smart meters within its wider coverage area. The Macro-cell would have to handle the combined data traffic and in most cases will be capacity-limited. 
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Figure 2: “Layered” Architecture for Dense Urban
6.2.2.1 Dense Urban Latency Considerations
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As mentioned earlier a model for assessing the network’s ability to meet latency requirements was described in Section 5.2.7. The model applies to a single link with a known average channel goodput. The same model can be used for a layered network architecture provided the latency allocated for the network is apportioned on a link by link basis. For an end-to-end latency requirement of LN and the data path illustrated in figure 3, each link must be designed to meet a latency of LN/4.
Figure 3: Latency with Layered Architecture

The AMI network segment will have the greater number of actors with small data packets. The backhaul network, on the other hand, will be supporting fewer actors but data packets will be larger. Even with the same channel BW, the average channel goodput will typically be higher for the macro-cell since it will be in, in most cases, capacity-limited. 
6.2.3 Low Density Rural

The opposite extreme to Dense Urban is the area designated as Low Density Rural. According to the United States census data over 4 % of the US population lives in over 70 % of US land area. With housing unit densities less than 10 per sq-mi (< 4 HU/km), deployments in these regions will always be range-limited with any reasonable amount of spectrum. The key challenge for a terrestrial wireless network deployment is to optimize the coverage so as to reach all housing units and enterprise units that are connected to the electrical grid. Special attention has to be paid to:
· Terrain characteristics that can vary from flat wide-open spaces to rugged mountainous terrain with high tree density.
· Long distance back-hauls that may require daisy-chained point-to-point (PtP) links or a satellite link for connectivity to the command center.
Path loss models for foliage and path obstacles were presented in section 5 and a modified version of the Erceg-SUI path loss model was shown to be an effective path loss predictor for various terrain categories in rural and suburban areas over the full 700 MHz to 6000 MHz frequency range. A description of the three terrain categories are repeated here for convenience:
· Terrain Type A:  Hilly with moderate to heavy tree density 
· Terrain Type B:  Hilly with light tree density or Flat & moderate to heavy tree  density
· Terrain Type C:  Flat with light tree density
Although not all terrain types that are likely to be encountered throughout North America can be fit into one of the above types, it is believed that these three terrain types can be used to describe a large majority of Low Density Rural deployment scenarios. For extreme terrain conditions other approaches, as noted in section 5.2.1.3.11, may have to be employed to provide a more accurate estimate. 
Figure 4 provides the coverage area projections for the three terrain types for an AMI network for the 700 MHz to 6000 MHz frequency range. The link budget of 143 dB
 in the UL direction is the limiting factor for the range determination due to the lower EIRP and antenna gain for the wireless enabled smart meter. The DAP antenna height is assumed to be 20 meters with a gain of 15 dBi. This height should not be unreasonable in rural areas where existing transmission towers would be logical candidates for base station locations.  
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Figure 4: AMI Coverage Area Projections
In figure 5 the sensitivity of the coverage area is plotted for different antenna heights for those locations where a 20 meter height is impractical. The chart also shows the benefit of higher heights for situations where suitable structures or standalone towers are available. This data is plotted for a frequency of 2000 MHz but the results are not significantly different at 700 MHz or 6000 MHz. With its large impact on coverage area, base station antenna height will play a very big role in determining equipment requirements for SG networks in low density rural areas.
I
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Figure 5: Sensitivity to Base Station Antenna Height
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The second key challenge in low density rural areas is the backhaul connection which may require multiple PtP links for a land-based solution or the possible use of a satellite link or some combination of the two. A typical Low Density Rural or Rural wireless network architecture may resemble what is shown in figure 6.
Figure 6: Typical Network Architecture for Low Density Rural
6.2.3.1 Low Density Rural Latency Considerations
As shown in figure 6 the end-to-end data path will encompass multiple links or hops, each with very different characteristics. As was the case with dense urban, the network latency budget should be properly apportioned to each individual link before applying the latency model described in section 5.2.7. When latency gets to be the limiting performance factor, fewer long links will be preferable to a higher number of short links for reducing latency. This however, will generally require increased antenna heights and higher EIRP. 

6.2.4 Summary
Urban area path loss and high penetration losses will significantly limit the range and coverage for a wireless AMI network. In most cases these deployments will be range-limited pico and microcells. With roof-mounted base station antennas to provide a backhaul connection for the DAPs, the coverage potential will be much greater but capacity requirements to handle the aggregated traffic will ultimately determine the coverage not the range. 

Low density rural area deployments will be primarily range-limited. The use of the lower frequency bands and deploying base station heights of 20 meters or more will greatly reduce equipment requirements. A combination of PtP links and satellite links may prove to be the best choice to fulfill backhaul requirements in remote areas but with an increasing number of links, latency could become a limiting factor.
The various trade-offs and considerations for deployments in Dense Urban and Low Density Rural areas should provide some insights into the factors that must be considered in the other three demographic regions described earlier; Urban, Suburban, and Rural. Urban areas would still have the building clutter to deal with but, with lower average building heights, slightly better propagation characteristics. Deployments however, will still tend to be capacity-limited.
Residential suburban and rural areas will not generally be able to accommodate the higher base station antenna heights due to visual impact and the limited height of utility poles that would often be the preferred choice for base station locations. Depending on channel BW limitations imposed by limited spectrum availability and HU density, suburban areas may be either range-limited or capacity-limited. 
� The data for area breakdowns are from the US 2010 Census data which is based on square miles


� Assumes 14 dB fade and interference margin and outdoor-located smart meters with 0 dBi antenna gain
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