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Abstract
We report on recent progress in our research on how to establish sustainable broadband
markets in under-served areas, in this paper focusing on facilitating sustainable power supply
by designing low power-consuming routers. We disclose the details of a new generation low
power routers, providing wire-speed forwarding between Fast Ethernet connections
(100Mbps) over optical fiber at below 5W. Three of these routers have been deployed in the
Serengeti Broadband Network in northern Tanzania, which is now an extension of TERNET,
the Tanzania NREN. We expect this development to lead to even more energy-efficient
routers requiring less than 1W and 1nJ/bit forwarding.
Keywords: Low power, high performance routing, rural ICT development, broadband
network

1. Introduction
We report on recent progress in our research on how to establish sustainable broadband
markets in under-served areas, in this case represented by the Serengeti Broadband Network
in Northern Tanzania (Nungu, A., 2011). The development towards ubiquitous network
access requires innovative solutions to get remote areas included. The challenges are many,
including ownership and leadership, sustainable business models, robustness and
affordability of network components and poor or non-existent supply chains, including power
supply.
The challenges in focus here include those associated with the establishment of sustainable
power supply. These challenges include non-existent or poor power grids with harmful
transients and/or frequent outages and extreme environment parameters, such as temperature
with ranges in which traditional batteries do not perform well and have a short life
expectancy.
Our approach is to minimize the power (W) required to meet the demand for capacity (bps)
and to use innovative power source and power storage technologies. We also strive at
minimizing the energy/capacity ratio (J/bit or Ws/bit).
Our method is iterative systems design. To demonstrate feasibility and provide a benchmark
for comparison of commercial products, we use free open source software and standard
commercial off-the-shelf hardware components.
The main results reported are associated with the backbone router power requirements. We
have previously set the forwarding capacity requirement to 1Gbps wireline speed over optical
fiber and have arrived at a power requirement of 20-25w (Nungu, A. et al, (2012a, 2012b).
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By lowering the capacity requirement to 100Mbps, we have now reduced the power
requirements to less than 5W, while maintaining the power/capacity ratio roughly at the same
level (<50 nJ/bit).
The current bottleneck in available hardware components is the I/O-bus. Since all available
components for design of systems requiring less than 20W are currently all using USB2, the
useful limit is 100 Mbps. Local network performance shows an impressive communication
capacity of 5 Gbps using ipref3 over the loopback interface.

2. System Design
2.1 Motherboard and network interface cards
Our low power router designs include a motherboard, network interface card(s) (NIC)
supporting one or more optical Fast or Gigabit Ethernet SFP ports and an integrated power
supply unit, including a charge controller and provisioning of the required voltage(s) and
current control.
Although our focus is on optical fibre, we have tested network interface cards for different
media, including optical fiber or UTP-cable (100/1000 Mbps Ethernet SFP or RJ45 ports) and
wireless (wife, VHF/UHF).
The motherboard used in the 20W version (Nungu, A. et al, 2012a, 2012b) of our lowpower router is the Intel/ATOM-based Supermicro X7SPA (Supermicro X7SPA) supporting
the PCIe I/O-bus, while the NIC is the Interface master Niagara 82048 (Interface masters
Niagara 82048) providing four 1 GE SFP ports with digital optical monitoring and using the
PCIe as the I/O bus. The idling power consumption of the Motherboard is 14W and for the
NIC 8W. The differences between idling and full-load is negligible.

Figure 1: The first generation low-power router (20-25W) to the right and the second
generation (4-5W) to the left. The new router has a much reduced footprint, weight and Bill
of Material (BOM)
In the new low-power router, we use the fibergecko100 card (Lyconsys Fibergecko) with
one 100/1000 Mbps SFP port each and USB2 as the I/O-bus. The power consumption is ~5W
and the difference between idling and full-load is negligible. Using USB2 as the I/O bus is
actually the bottleneck currently forcing the reduction of capacity. The USB standard
(http://usb.org) was originally designed to replace a wide spectrum of serial and parallel
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standards for the connection of computer peripherals and power chargers for portable
devices. The throughput capacity has grown from 12Mbps in USB1 (1996) to 280Mbps in
USB2 (2000) to 10Gbps in USB3.1 (2013). We have currently not been able to find
motherboards and network interface card supporting USB3. If and when components with the
same functionality will support USB3 as I/O-bus, it will be possible to come back at wire
speed forwarding at 1Gbps.
In SuperSpeed (SS) mode the data transfer can reach 5 Gbit/s which is tenfold improvement
over USB 2.0 with 480 Mbit/s. Even an USB 3.1 revision called SuperSpeed+ has recently
been announced with transfer rates up to 10 Gbit/s. This development promises low-power
routers with very high bandwidth.
Our evaluation based on available motherboards for a design requiring less than 20W
included
- Alix (Alix) based on the AMD Geode chipset, using ISA-style I/O bus, three 10/100
Mbps Ethernet RH45 ports, two USB2
- Raspberry Pi (Raspberry Pi)
- BeagleBone Black (BeagleBone Black)and
- Odroid U3 (Odroid U3/XU3a low cost and high performance development platform
based on a Samsung Exynos 4412 ARM Cortex-A9 Quad Core 1.7GHz CPU with
2GByte RAM, a 10/100Mbps Ethernet with RJ-45 LAN Jack, 3 High speed USB2.0
host ports and GPIO/UART/I2C ports. The idling power of the motherboard is
slightly more than 1W. The physical size of the motherboard is : 83 x 48 mm, Weight
: 48g including heat sink
2.2 Power supply
The power supply unit includes solar cells and 220AC/13VDC power adapter as sources
connected to a charge regulator card controlling the charging of a 12 V lead acid battery and
monitoring the current levels. In the 20W version, the required voltage levels are provided via
a picoPSU while in the new version a step-down converter to 5VDC is on the charge
controller to power the Odroid Motherboard and Fibergecko NICs.
Due to earlier problems with the performance and lifetime of the lead-acid batteries due to
high operating temperatures up to 40C, we are exploring different way of cooling the
batteries. A rule of thumb says that each 8°C (15°F) rise in temperature halves the lifetime of
a sealed lead acid battery. Also, the charging voltage must be adjusted to battery voltage, the
higher voltage the lower charging voltage. This implies that the charge controller has to
monitor battery temperature via a sensor on the battery. Many charge controllers assumes a
nominal voltage, often 25C. Battery type (wet/sealed) and number of low-voltage disconnect
(LVD) and the number of micro-cycles and depth of micro-cycles (typically between 20-70%
of the nominal capacity) also impacts battery lifetime.
An extra challenge with solar driven systems is that the ambient temperature is higher during
the sunny hours, which is when the batteries can be charged when using a solar panel. A
sensor deployed at Nata site shows that ambient temperature varies between 15C and 40C,
see Figure The battery life-time goes up if the temperature is lower and stable. We are now
experimenting with placing the batteries underground. According to Jager, Tjapko (1982), the
temperature is stable at 25C 0.5m down.
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Figure 1: Temperature in Nata equipment box
As the power requirement approaches 1W, replacing traditional chemical batteries with ultracapacitor batteries becomes economically feasible. Such batteries are less sensitive to high
temperatures and can take a much higher number of discharge cycles.
2.3 Software
The operating system used in the 20W version is the Bifrost Linux-distribution. In the new
version, we use a minimal version of the Debian Linux distribution, a stripped custom Linux
kernel and Quagga as routing software. Some Bifrost utilities and iperf3 for performance
measurement software (iperf, n.d.) have also been added. This distribution is available on
request.

3. Measurements and tools
Since packet forwarding is essentially based on table lookup, memory latency and bandwidth
has a high impact on network and router performance, the lower latency and higher
bandwidth, the better. The memory is normally partitioned into two cache levels, L1 and L2,
and main memory. Their relative sizes matter. The memory latency and bandwidth was
measured using the LMBench tool set (LMBench Tools for Performance Evaluation) The
results of these measurements are presented at the top in figure 2 below illustrating the power
vs latency/memory bandwidth perspective
The forwarding capacity (bandwidth) was measured in a network configuration with three
routers in a row with the system under test in the middle using iperf/iperf3 (iperf, n.d.) These
measurements are demonstrated in the middle diagram of Figure 2.
For power measurements, a Wattson instrument indicating both voltages, current, power and
energy was used.
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Figure 3: A benchmark of five low power platforms
The latency plot (on top), shows that the ATOM system has the lowest memory latency. The
Odroid U3 is very close. We can even see Odroid U3 stays a little longer in the L2 cache.
Regarding memory bandwidth as measured with iperf (middle plot), ATOM also comes best
out. Odroid U3 is, however, relatively close.
The idle power in the bottom plot is measured without NICs. The SuperMicro/ATOM-based
system uses ~14W, the Alix board ~3.5W, and all three SOC-based systems ~1.4W, i.e. 10%
of the ATOM power. RPi takes a little more than Odroid and BeagleBone black due to its
relatively simple DC-design.
The comparison between CPU power consumption, latency/bandwidth and performance is
very clear. The ATOM-based system has the best performance measure by memory latency
and bandwidth, but the Odroid U3-based system is very close at 10% of the power used and
at about the same power/capacity-level. It is also smaller in size and weight and more
affordable.
When adding the two USB-SFP NICs (Lyconsys Fibergecko100) the total power consumed
by our Odroid-based router becomes 4.57W when idling and 5.25W when fully loaded by
forwarding at wire-speed ~95Mbps. The average power consumption depends on the traffic
load but is normally closer to the idling power. The latency plot (on top), shows that the
ATOM system has the lowest memory latency. The Odroid U3 is very close. We can even
see Odroid U3 stays a little longer in the L2 cache.
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Regarding memory bandwidth as measured with iperf (middle plot), ATOM also comes best
out. Odroid U3 is, however, relatively close.
The idle power in the bottom plot is measured without NICs. The SuperMicro/ATOM-based
system uses ~14W, the Alix board ~3.5W, and all three SOC-based systems ~1.4W, i.e. 10%
of the ATOM power. RPi takes a little more than Odroid and BeagleBone black due to its
relatively simple DC-design.
The comparison between CPU power consumption, latency/bandwidth and performance is
very clear. The ATOM-based system has the best performance measure by memory latency
and bandwidth, but the Odroid U3-based system is very close at 10% of the power used and
at about the same power/capacity-level. It is also smaller in size and weight and more
affordable.
When adding the two USB-SFP NICs (Lyconsys Fibergecko100) the total power consumed
by our Odroid-based router becomes 4.57W when idling and 5.25W when fully loaded by
forwarding at wire-speed ~95Mbps. The average power consumption depends on the traffic
load but is normally closer to the idling power.

4. 4. Test and Deployment

Figure 4: Network Topology of SBN, 2014-10-31
Three new 5 Watt routers have been deployed in SBN network along with the former
ATOM-based routers, a network plan and topology can be found in Figure 4. Two routers at
Nata and Mugumu are deployed to run over solar energy only, in order to experiment the
power supply system with minimum load. Benefit from higher transmission power of duplex
SPF, we bridges Bunda and Mugumu directly via a fiber trend bypassing Nata. By forming a
star-like topology instead of line, we expect a more robust backbone network without singlepoint-of-failure.
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5. Conclusions
By accepting a reduction of the bandwidth of the network interfaces from Gigabit Ethernet
(1000Mbps) to Fast Ethernet (100Mbps) caused by the USB2 bus bottleneck, we have been
able to reduce the average power consumption of our backbone router from the 20W range to
below 5W. This reduction in the demand for power has made the power supply considerably
more manageable and facilitates the use of alternative power storage technologies such as
ultra-capacitors. The reduction in size, weight and cost of the routers is also essential in rural
settings.
Due to the still moderate traffic volumes in the Serengeti Broadband Network, where the
routers are deployed, the reduction in bandwidth has so far not had an impact on the quality
of service experienced by the users. We regard it as a matter of time until the performance
bottleneck caused by the USB2 bus can removed, which will most likely facilitate increase
the energy/bit ratio an order of magnitude allowing 1Gbps links.
The authors are currently in the process of evaluating a successor to odroid U3, the XU3
(Odroid U3/XU3) which supports USB 3.0 with a maximum bandwidth of 5 Gbit/s, and is
also looking into the design of low-power USB3-based 1Gbps optical interfaces.
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